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SUMMARY 
Thermodynamics of gas liquid chromatography, GLC, and 
liquid-liquid chromatography, LLC, is considered theoretically. 
An expression is derived to correlate the partition co-
efficient with retention volume, when the carrier is 
compressible. 	Equations are given for GLC and LLC for the 
dependence of the specific retention volume, V gs on the 
vapour pressure of a solute, column temperature, mobile phase, 
molecular weight of stationary phase, the structure of 
solute and solvent and osmotic pressure 
The kinetics of chromatography are reviewed. 	The 
plate height equations derived by van Deemter et al., •Golay 
and Jones are discussed. 	The random walk and the non- 
equilibrium theories of chromatography mainly developed by 
Giddings are given 	The advantages and disadvantages of 
the coupling theory of eddy diffusion are considered in the 
light of experimental evidence. 	The pivotal roles of the 
concept of reduced plate height, h = H/d? (average particle 
diameter), and reduced velocity, v = (u 0 cL9 /D), and the 
effect of pressure in chromatography are described. 
The comparative studies of column efficiencies on 
Chronosorb G, porasil, glass beads and controlled surface 
porosity (csP) beads for unsorbed solutes have shown that 
non-porous particles of a given size are better than porous 
particles of the same size. 	It is shown that hbecomes 
independent of v when v exceeds 100. 	This results from 
the contribution of turbulence to h. 	It is concluded that 
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the turbulence contribution increases as the d decreases 
at constant column diameter, dc  while the turbulence 
increases as the d 0 increased at fixed d. 	Plots of log h 
versus log V at different values of column to particle 
diameter ratio, p, have shown that there is a rather little 
dependence of h upon p, although a sharp increase in h by a 
factor of about 1*9 is found for the range 15 C p c 20. 
Identical h versus v curves are obtained when p exceeds 20. 
The constancy of h for high values of p is explained by the 
application of the Giddings nonequilibrium theory to a model 
column, possessing a discrete wall layer, in which a serious 
perturbation of velocity occurs. 
It is shown that the dependence of h upon column 
capacity ratio, K, is least when K exceeds unity. Identical 
h versus v curves are obtained on 235 micron Chromosorb G 
at a given value of K where K is varied by varying the 
column temperature and by varying the amount of stationary 
phase. 	It is found that K is decreased by 2% when nitrogen 
is used in place of helium. A decrease in K is observed 
when column inlet pressure, p, is increased. This is less 
than 3% at 8 atm. column inlet pressure. 	At -'8 atm. column 
outlet pressure, the value of K is decreased by 5 to 8 percent. 
This is explained semi-quantitatively by the thermodynamic 
theory of osmotic pressure. 
It is shown that the nonequilibrium or C terms have 
an important role in column resolution. Two methods have 
been applied for the experimental isolation of C (the term 
for resistance to mass transfer in stationary phase) and Ck 
iv 
(the term for sorption kinetics in 030). 	The values of 
Cs are self consistent and are in agreement with the 
predicted values when K is near unity. 	The term 0k  is 
found negligible in agreement with theory on glass bead 
columns for unsorbed solutes. 
Gas and liquid chromatography on identical columns are 
compared by plotting log h against log v. 	Comparison is 
darned out for unsorbed solutes on glass beads, CSP beads 
and Cbromosorb 0; and sorbed solutes on CSP beads and 
Chromosorb G. 	The correlation between GO and LC is good 
in all cases; the most extreme ratio of h from GO and h 
from LC is 06 (theoretical ratio unity). 	A clear deterior- 
ation in both LO and GO is observed when K is increased or 
the particle size reduced. The dependence of h upon K is 
least at low values of \. The deterioration in performance 
as 	is reduced highlights the difficulty of packing small 
particles uniformly. Performance is improved by packing 
columns under vacuum. 	CSP particles give a less steep 
dependence of h upon V than Ohromosorb for both sorbed and 
unsorbed solutes. 	It is concluded that infinite diameter 
columns offer some advantages over conventional columns in 
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1.1 Historical Survey 
In 1906 Tswett (1) a botanist extracted pigments 
from green leaves with petroleum ether and passed the 
solution through a column containing calcium carbonate. The 
pigments were adsorbed at the top of the column and were 
washed down the column by fresh petroleum ether. 	A series of 
coloured bands with intervening colourless zones then developed. 
He called this separation a chromatogram and named the process 
aá chromatography. 
There is little information on the application of 
chromatography to analysis until the technique was rediscovered 
by Kuhn, Lederer and Winterstein (2) in 1 931 . 	Since then 
elution chromatography has been applied widely in the fields 
of organic and biochemistry. 	The original name "Chromato- 
graphy" which was coined by Tswett arose from his observation 
of the separation of a vegetable dye into several coloured 
bands. 	The appearance of coloured bands is, of course, now 
realized to be incidental and although the name remains it is 
applied to a much mor& general group of separation methods, 
and may be defined as: 
" any method of separation of substances which depends 
upon the repeated distribution and redistribution of the 
molecules of a mixture between a continuously moving or 
'mobile' phase and a fixed or 	 phase." 
A major discovery in the field of chromatography was 
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made in 1941 by Martin and Synge (3) who invented the method 
known as liquid-liquid chromatography which was based on the 
partition of solutes between two liquid phases; it was re-
cognized rapidly for the analysis of organic compounds. Their 
major success was the invention of paper chromatography in 
which they replaced the column' by a strip of paper. 	Martin 
and Synge also pointed out that a flowing liquid might be re-
placed with advantage by a gas and this proposition was put to 
test by Martin and James (Lt) in 1952. 	They analysed mixtures 
of fatty acids by partition between nitrogen and silicone oil 
supported by diatomaceous earth. 	Although frontal and dis- 
placement techniques of gas chromatography had earlier been 
pioneered by Tiselius (5) and developed by Claesson (5,7), 
Clough (8), Turner (9), Turkel'taub (10) and Phillips (11), 
they rapidly gave way to the elution method which had several 
advantages: (a) it gave discrete separation of one component 
from another in the form of narrow symmetrical bands, (b) each 
eluted component was associated with an elution time charac-
teristic of the substance which enabled the technique to be 
used for qualitative analysis, (c) it was the most versatile 
with regard to the combination of phases employed, (d) it did 
not involve sorptive competition, a process which introduces 
much uncertainty into the theory of the methods and (e) it 
gave highly reproducible results. 
Because of the simple apparatus required (see Chapter 
5) elution gas chromatography proved to be a remarkably 
attractive and powerful tool for analysis in all branches of 
chemistry and its development was rapid. 	In the field of gas 
3 
liquid chromatography important contributions came from 
James and Martin (12),James and Phillips (13), Ray (iLL) and 
Glueckauf (15). 	Major contributions in the field of gas 
solid chromatography were made by Citemer and Mueller (16), 
Zhukhovitskii et al., (17), Janak (18), Ray (lLL) and Patton, 
Lewis and Kaye (19). 	Recently there has been renewed interest 
in the field of liquid-liquid chromatography devised by Martin 
and Synge (3). 
One of the first attempts at a theory of chromatography 
was made by J.N. Wilson (20) in 1940. 	Martin and Synge (3) 
in 1941 developed the plate theory in chromatography which was 
improved by De vault (21) and Weiss (22). 	In 1948 an out- 
standing contribution in the field of theoretical chromato- 
graphy came from H.C. Thomas (23). 	The theories developed 
by Lapidus and Amundson (24) and Glueckauf (15) became the 
I 	
foundation of well known treatment of van Deemter (25) in 1956. 
In the recent development of theories of chromatography, 
important contributions have come from Golay (26), Khan (27,28) 
and Giddings (29,30). 
1.2 Column Chromatograph 
The work to be described in this thesis is concerned 
exclusively with column chromatography as opposed to the 
• various forms of open chromatography - paper chromatography 
and thin layer chromatography. 	The technique involves the 
transport of a sample to be analysed along a narrow tube 
packed with a permeable material or open capillary tube coated 
with a liquid phase. 	Column chromatography, based on the 
differences in the partition coefficients of substances, can 
be divided into three types: (a) displacement analysis, 
(b) frontal analysis and (c) elution analysis. 	Each technique 
can be further subdivided according to the combination of 
moving and fixed phases employed. 
The displacement technique pioneered by Tiselius (5) 
and Claesson (20) was first used successfully in gas solid 
systems (6,18,9). 	A small sample of the mixture is intro- 
duced into a column packed with an adsorbent. 	A carrier gas 
stream which contains a constant concentration of a strongly 
adsorbed vapour called d.isplacer is passed through the column. 
The constituents of the mixture are displaced from the adsorbent 
by the displacer and are pushed toward the column outlet. 
Each component of the sample is displaced by the next most 
strongly adsorbed sample component. 	The displacement develop- 
ment of a chromatogram is shown in Figure 1. 	In this 
technique the column requires to be regenerated by heating to 
desorb the displacer before it can be used for another 
analysis. 
The technique of frontal analysis is a modification of 
adsorption chromatography in which the mixture to be analysed 
is constantly forced through an adsorbent column at a constant 
initial concentration in the carrier fluid stream. 	The least 
strongly retained component emerges from the column first and 
each succeeding component leaves the column mixed with the 
preceding components. 	Figure 2 shows schematically the 
development of frontal analysis. 
In elution analysis a discrete sample of a mixture is 
sharply introduced into the column and the mixture is swept 
through by an inert carrier fluid.. The rates of migration of 
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components of the mixture depend upon their relative dis-
tribution coefficients between the carrier and the sorbent. 
They therefore leave the column along with mobile phase at 
different times after the introduction of the sample. 	The 
development of an elution chromatogram is depicted in 
Figure 3. 
In this thesis we are primarily concerned with elution 
analysis which will accordingly be described in some detail 
below. 	Little more will be said about the displacement and 
frontal methods. 	In what follows the terms gas chromatography 
(Go) and liquid chromatography (La) will be used to include 
all elution chromatographic systems in which a gas or liquid 
is used as mobile phase. 
1.3 Applications of Column Chromatography 
An enormous number of applications of gas chromatography 
have been made over the past few years. 	Its importance was 
quickly realized by the petrochemical and organic chemical 
industries and GC is now used extensively not only as an 
analytical method in the laboratory but as a routine technique 
in plant control. 	It has been used extensively in research 
in such varied fields as medical biochemistry, food and drug 
analysis, organic synthetic chemistry, reaction kinetics and 
thermodynamics. 	 - 
To highlight some present trends we mention here the 
growing application in inorganic and organometallic chemistry, 
in biochemistry, and inthe'determination of thermodynamic 
quantities. 
The developments in high temperature gas chromatography 
(up to 26000C), the application of inorganic fused salts 
as liquid phases, and the synthesis of several volatile metal 
chelates have extended the range of metals and metal com-
pounds that may be chromatographed. 	Zado and Juvet (31) 
have reviewed the advances in the separation of inorganic 
compounds, including permanent gases as well as transition 
metal hydrides, alkyls, chelates and halides. 
In the field of biochemistry more than 200 papers have 
been published each year over the past three years. 	They 
cover the application of column chromatography to the analysis 
of steroids and metal compounds. 	Horning and Vandenheuvel 
(32) have given the qualitative and quantitative aspects of 
theseparation of steroids. 	Gas chromatography has proved 
useful in the analysis of drugs (33). 
Measurements of thermodynamic quantities by column chroma-
tography have been reported by several authors. 	Purnell et al. 
(34), Martire (35) and Kobayashi (36) have devised methods to 
the determination of activity coefficients, heats of vapori- 
zation, solution and adsorption and K-values. 	Martire's 
calculations have shown that the experimental data could be 
predicted by the Miller-Guggenheim and Flory-Huggins theories 
of solutions. 	Purnell (37) has summarised various approaches 
to the study of complexing reactions by gas chromatography 
and has developed a generalized theory for each. 	He, along 
with his associates (38,39) has also described methods for 
the measurement of formation constants of organic complexes 
and hydrogen bonded complexes in nonaqueous solution. Recently 
Aslam, Juvet and Shaw (40)  have applied gas chromatography for 




THERMODYNAMICS OF COLUMN CHROMATOGRAPHY 
The fundamental requirements of separation in 
chromatography are disengagement of zone centres and the 
achievement of compactness and narrowness of peaks. 	The 
phenomenon of disengagement of zone centres is related to 
thermodynamic equilibrium and is controlled through a 
difference in migration rates of individual solutes. 	The 
migration rate of a solute relative to carrier fluid depends 
upon its partition coefficient between the stationary and 
mobile phases, a fundamental therModynamic quantity, and the 
relative amounts of mobile and stationary phases. 	For 
adequate separation, the values of the partition coefficients 
must be sufficiently different, but separability also demands 
that peaks be sufficiently narrow and compact. 	The relative 
importance of these two requirements for separation depends 
upon individual circumstances. 	However, while the peak 
separation depends on thermodynamic parameters the narrowness 
and compactness of peaks depends upon kinetic factors such as 
sorption-desorption kinetics, molecular diffusion and dynamic 
flow patterns. 	The mechanism of zone spreading and its 
control will be discussed in Chapters 3 and L. 
2.1 Relationship Between Partition Coefficient and Retention 
Volume 
In chromatography due to specific interactions with 
the stationary phase, a solute moves along the column at only 
ru 
It 
a fraction H of the mobile phase velocity. 	The quantity H 
is the basic retention ratio characterizing migration rates 
and is defined by 2.1. 
R = Rate of movement of band 	 2.1 
Rate of movement of mobile phase 
and can immediately be related to the retention volumes: 
H = Vm/VR = vm/(v' ± V H 	m 
2.2 
V  is defined as the amount of mobile phase passing any cross 
section of the column, say at a distance Z from the column 
inlet, between the moment of injection of the solute and the 
moment when half of the symmetrical elution band has emerged 
from the column. 	Vm is the retention volume defined in the 
same way for an unretained solute. 	In GO it is often called 
the " air retention volume".V is. called the Adjusted 
Retention Volume and is defined by 2.3. 
VJ=VR-Vm 	 2.3 
When the carrier fluid is compressible VR, V and.Vm depend 
upon the pressure at which they are measured, nevertheless 
Equation 2.3 is always correct if VR  and  Vm  are measured at 
the sane pressure or the same distance Z from the column inlet. 
It can readily be shown that in chromatography the 
ratio of solute concentrations in the stationary and mobile 
phases is close to the equilibrium value and that when the 
ratio is independent of concentrations Equation 24 holds: 
H = Fraction of solute in mobile phase in equilibrium 2.4  
- Amount of solute in unit length of mobile phase 
- Amount per unit length of mobile phase + Amount 
per unit length of stationary phase 
9 
1 	- 	1 
	
qm - + q s - 1 ± - —1 + K 
where K = 	 2.5 
The ratio K is called the column capacity ratio. 
K is given in terms of R and the retention volumes by 2.6. 
t 
- 	 25 
- H - 	v 	V 
and in terms of concentrations by 2.7 
q 	c  
K= —= 	 2.7 qm cmam 
where c' and c' are the concentrations of solute in the 
m 
mobile and stationary phases, and am  and a 5 are the mean 
cross sectional areas of the two phases. 	If the column is 
of uniform composition, then 
as/am = v 5 /v 1 	 2.8 
where v = volume of stationary phase in column 
Vi = interstitial volume occupied by mobile phase in 
column. 
Thus 
K = 	= (c'/c') x (v 5/v 1 ) 	 2.9 H m 	5 m 
The partition ratio k, which is a fundamental thermodynamic 
parameter, is defined by 2.10 
k= c'/c' 	 2.10 5 m 
We thus obtain from 2.9 and 2.10 
V t 	v. 
1< = 	x 	 2.11 
when the mobile phase is incompressible V.  and v1 are 
identical and thus 
10 
V. ' 
k 	R (incompressible mobile phase) 	2.12 
Equation 2.12 holds for liquid chromatography where the 
compressibility of the mobile phase is about 10atm'. 
Since pressures rarely exceeds 200 atm at column inlet the 
average degree of compression is not more than 1% which may 
be ignored and in Equation 2.12 	can be replaced by V (Net 
retention volume). 	The net retention volume per gram of 
stationary phase is defined for liquid chromatography as 
= VI R/ws = (V/v 5 ) ( v 5/w5 ) 	 2.13 
where w 5 = weight of the stationary phase. 	Thus 
= k/p 3 	 2 . 14 
is called specific retention volume and depends only upon 
the column temperature T. Since the mobile phase is incom-
pressible and has a low coefficient of thermal expansion, it 
is not necessary to specify the temperature or pressure under 
which v   is measured. 
When a gas is the mobile phase Equation 2.11 must be 
used. 	When the carrier gas may be assumed to be ideal which 
is true within i% for 112. He and N 2 at pressures up to 10 atm, 
the ratio v/V(Z)  for any point (z) in the column may be 
obtained using the ideal gas law and the condition that the 
viscosity of an ideal gas is independent of pressure. 
The pressure p then falls along the column according 
to the relation (see Section )4.4). 
2 	2 	z 	2' 	2 
pz=pi -p0 
or 	2 =  2 - Z 	1) 	 2.15TT 
11 
where L is the column length; p and p 0 are the inlet 




The retention volume of an unretained solute is measured at 
a distance Z 0 is then obtained as 
L 
Pz V= f a —dZ 
0 PZ 
L 
- ±a J i-re dZ - 0 U z 0 
L 
- a f (2 - (1r2 - 1) - IT° z 0 
am 	-2L 	(112 -Cu2 
2 
- 1) Z.3/21L 
0 = 	
ft 1) 113 z 
aL 
	
. 	2(u-1) = m 	2(rP - 1) 	v _2. 







U -) is called the James-Martin pressure 
correction factor. 
Substituting the value of V from Equation 2.16 into 
Equation 2.11 gives 
o V( zo)V(outl e t) kf2 u 
z• V5 	 f2 	v
5 
= uf2V(ii et) 	
2.17 
The integration in deriving 2.16, shows that (i1f2 ) is the 
length averaged value of the pressure drop ratio 7 and can 
12 
be represented by 	. 	Thus if VN is the net retention 
volume measured at the average column pressure 11 = TT , and 
Equation 2.15 reduces to 
k = IN 	; 	V = f2 x 1V(out1et) 	 2.18 vs 
The net retention volume per gram of stationary phase measured 
at the column temperature T is defined as: 




= 	 2.19 
P S 
Thus quantity should ideally be independent of the amount of 
stationary phase in the column and on the pressure drop 
across the column. 	It will of course depend upon the column 
temperature T. 	It is most convenient if the net retention 
volume per gram of stationary phase is quoted for the standard 
temperature 273d60Ic. Thus 
V 27 	273 VT or 
g • T 	g 
k - 
	x T' 
• 	 2.20 
- 273db 
2.2 Relationship Between Partition Coefficient and Solution 
Properties 
The vapour pressure p 2 of a solute  above a very dilute 
solution in a solvent can be expressed by Henry's Law: 
os
' P2 = p2y2 x2 2.21 
where p2 
0 is the vapour pressure of the solute, y s2 ' is the 
activity coefficient at infinite dilution for the solute in 
the stationary phase and X2 is the mole fraction of the 
13 
solute in the solution. 
If n2 ( 5 ) and n 5 are the number of moles of solute and 




n - 	s)  — 2.22 2 n2 ( 	+n 	n s) 5 5 
n2(5) = molar solute in stationary phase 
P2 = fiT n2()/v2 = RTc 	 .2.23 
'12(m) = molar solute in mobile phase 
c 	= molar concentration of solute in mobile phase 
From Equations 2.21 and 2.22 
0
5eo n2(5) 
P2 = p2Y2 	n(5) 
= py'c(M5 /p 3 ) 
where c is molar concentration of solute in stationary phase. 
Substituting the value of p2 from Equation 2.23 yields 




This is the fu 
RTp 
2.24 
py 5 ' ° M 	 - 5  
RT 	 . 	 2.25 05W s '  
M
M 
 equation for predicting specific 
retention volume of a solute in GLO. 
An analogous equation for the specific retention volume 
of a solute in LLC is obtained as follows:- 
The activity coefficient of the solute is related to excess 
chemical potential (tie) by Equation 2.26 
I!! 
	
e - real 	ideal  ti RTLny2 = Ap.2 - 	- 2 	
2.26 
where t is Gibbs molar free energy; i2 real 15 the solute 
chemical potential in the actual solution and i2 ideal is the 
chemical potential the solute would have were the solution 
ideal: 
P2 	2 
ideal = 	+RTLnx2 	 2.27 
where p is the chemical potential of the pure liquid solute 
and x2 is the mole fraction of the solute in the solution. 
On rearranging equations 2.26 and 2.27, we obtain 
real - o 
-p2  + RTLny2x2 2.28 




where p2 and p2 m are the solute chemical potentials in the 
stationary phase and mobile phase. 	Substitution into 
Equation 2.28 and rearrangement gives 
RT2ny'x = RTLny'x 
n2 
where x2 - n + n 	n 2 	s 5 
w2MM5w2 	Mc  - s  
Mw 	M2vp 2s ss 	2s 
2.29 
n2 
	n 2=  Mw2 	-. Mra c m 
n M2VPM2 P m in 
where ç is the molecular weight of the mobile phase and p. 
its density. 	Substituting the values of x and 	in 
Equation 2.29, we get 
15 
Mc 	 Mc 
	
, 	mm ) = £n(y 
M2Pm 
) 
Ln(k/p 5 ) = Ln( 2 
	m 	 2.30  
Y'Ms Pm 
YmM 




2 	s  
The assumptions made in the derivation of Equations 2.25 and 
2.31 have been fully discussed by Martire (42). 
2.3 Relative Retention and Resolution 
The relative retention, an important parameter in the 
resolution of two solutes is the ratio of the specific 
retention volumes or partition coefficients of the two solutes. 
If subscripts 2 and 3 denote two different solutes, then the 
relative retention r23 is: 







= 	3 - V = 	
2.32 
93 
and in the case of LLC, 
K2 
vT 
- 92  
r23r —-— s,com,cC 	 2.33 
'V'2 	'V'3 g3 
In gas-liquid chromatography, the relative retention depends 
upon the vapour pressures (purely a solute property) of the 
solutes and their infinite dilution activity coefficients 
whereas in LLC, the relative retention depends only upon 
differences in the solution behaviour of the solutes in the 
two phases. 	The resolution, RS of two solutes is defined as: 
16 
115 = IL Separation of peak maxima 
mean standard deviation of peaks 
- 	(z3 - z2 ) 
- 
( o z(3) 	z(2)) 
Figure 14 illustrates resolution of 05, 0'75, 1, 1'5 and 2. 
The standard deviation, 0 is related to the number of 
theoretical plates 'N', to which the column is equivalent 
(see Chapter 3). 	We (143) have shown that RS may be given 
in terms of K and N by Equation 2.314. 
3- 
115 = - ( 1 AK ,K ) k1 + 2.314 
where K = *(K3 + K2 ) and AK = K3 T K2 
In terms of relative retention and separation number 5, 
defined by Purnell (4) Equation 2.314 can be written as 
118 = 	Cr23 	l)s' 	= 	K 	
2 
+ K N 
2.35 
where K is the column capacity ratio and is related to the 
thermodynamic partition coefficient by 
K = k(v/V) 
	
2.36 
For optimum resolution, value of r 23 must be as large as 
possible. 	The values of S depends upon the kinetic and 
geometrical parameters of the column and the maximum separation 
number achievable has been discussed by Giddings (141) and more 
recently by Knox and Saleem (143). 
2.14 Effect of Vapour Pressure of Solutes on Retention Volume 
- 	The vapour pressure of a solute appears in the denominator 
of Equation 2.25, therefore the specific retention volume of 
a solute in GLC is inversely proportional to its vapour 
17 
pressure at the temperature of the column (the larger the 
vapour pressure of the solute, the smaller the retention 
volume). 	If there is no difference in the activity co- 
efficients of solutes, then the separation occurs solely. due 
to the difference in the vapour pressures of the solutes. 
The vapour pressure of a solute is a function of its chemical 
composition and of temperature. 	The dependence of vapour 
pressure on the chemical composition of a solute is less pre-
dictable because the theories of intermolecular interactions 
in liquids are complex and incomplete. 
The effect of temperature change on the vapour pressure 





where AT-I1' is the molar heat of vaporisation of the pure 
liquid solute. 
Integrating equation 2.37 and applying Trouton's rule 
(All) 	22 Cal/(mol 8), we get the approximate expression 
for non associated solutes 
10 . 5 log p = log 76 - 2303 TB(T1 - T) 
	
= 6'4 - 4y5 (TB/T) 
	
2.38 
Assuming that the activity coefficients of the solutes are 
similar then the relative retention, r23 , the important 
parameter of resolution of solutes is given by: 
0 
P2 
	45(TB - TB) 	




From Equation 2.39 it is obvious that the value of r 23 can 
be increased by decreasing the temperature of the column, 
i.e. separation is enhanced by lowering temperature. 
In liquid-liquid chromatography the solute property 
(vapour pressure) has cancelled out. 	As a result, the re- 
lative retention depends only on the activity coefficients 
of the solutes in the two phases. 
2.5 Effect of Temperature on Retention Volume 
In GLC the retention volume is affected by temperature 
through the variation of activity coefficient, vapour pressure 
cvT_ 	RT 
g M ). 	
The effect of temperature on vapour pressure 
s''2 	2 
has already been discussed .and is given by Equation 2.37: 
LH dLnp 
0 
2 - ___ 
dT T RT2 
2.37 
From Equation 2.26 the effect of temperature change on 
activity coefficient may be obtained. 




Lny' = A 	
e,s -TAS e,s
/flT = 	RT 
In the form relevant 
2. LO 
where AH 	and Ke,s are respectively the partial molar excess 
e,s
enthalpy and excess entropy of mixing of solute with stationary 
phase at infinite dilution. 








Combination of Equations 2.41 and 2.37 gives 
dLn(y'P) - AHV - AR 
2 	2 e 	 2.42 
dT - 	RT2 
and AR5 = AHv- 
e 	 e,s 
where AR: is the molar heat of evaporation of solute from 
solution at infinite dilution. 
Thus, 
dLn(y'P)  
dT. 	- RT2 
2.43 
Substituting the value of 	from Equations 2.25, 2.20 in 





On rearrangement, Equation 2.44 yields 
dLnV° 	AR5 
	
___ =R e 
	 2.45 
A plot of LnV ° against l/T should yield a straight line of 
slope AR/R and many authors have made such plots of experi-
mental data (45,46,47) to verify Equation 2.45. 	The 
dependence of V on temperature in GLC is mainly determined 
by the heat of vaporization of the solute from the solution 
which is between 5 and 15 Kcal mole. 
In liquid-liquid chromatography, the retention volume 
is affected by temperature through the variation of activity 
coefficients of the solute in the mobile phase and stationary 
phase and the density of the mobile phase (V  = ' 2 Mm ).. 
- 7s s pm 
The general form of the relation between the activity co-




	 e ET 2.46 
Substituting the value of y'and 	in Equation 2.31, 
gives 
- 	- 	+ TAS 	- TK 	
+ 2n 	247 
e,m e,s 	e,s 	e,m MM 
	
£nV T g RT 
5 
Differentiating with respect to temperature, we get 
LU dLnV - - 	e,m - 	e,s + dLn(Pm ) ' 
dT - RT2 dT 
T 	- 	 -1 dLnV AR -I m 	 248 
dT 	RT2 	 DT p 
where iEe,t  is the partial molar enthalpy of transfer of 
solute from mobile phase to stationary phase and 
- pm 1 - 
3T "p - am 
where am  is coefficient of thermal expansion of mobile phase 
and can be calculated from the measured densities and the 
slope.of a plot of reciprocal density against T. 
Rearranging Equation 248 yields 
dLnVT 
= 'Het + a T2 	 249 d(l/T) 	R 	m 
The value of amT2  is very small as compared to 	and it 
is assumed that term on the right hand side is almost constant. 
A plot of £nV against 	gives a line of slope 
ARe,t 
 and it 
has been verified by Locke (48). 	In LLC the temperature 
variation of the retention volume is largely determined by 
the partial molar enthalpy of transfer of solute from mobile 
phase to stationary phase which is within the range of -5 to 
21 
+5 Kcal mole -1 . 
The temperature dependence of retention time in GLO 
is thus likely to be considerably larger than in liquid- 
liquid chromatography and while the specific retention volume 
in GLO always increases with T, 
V  in LLC it may either in- 
9 
crease or decrease dependent on the sign of tSiTet• 	From 
the above discussion it is obvious that the column temperature 
must be controlled to obtain reproducible retention volumes. 
2.6 Effect of Stationary Phase Molecular weight on Retention 
Volume 
The molecular weight of stationary phase appears in the 
denominator of Equations 2.25 and 2.31 so accordingly retention 
volume is inversely proportional to the molecular weight of 
the solvent but for a given system, the effect of a molecular 
weight difference is constant and only affects the activity 
coefficient ratio. 	The treatment given below can equally 
be applied to GLO and LLC. 
The ratio of retention volume, on two columns having 
stationary phases a and b under similar conditions will be 
(VT) 
g 	= 2.50 
(V)b 
The effect of the stationary phase molecular weight can be 
obtained if we substitute the values of activity coefficients 
which can be calculated (49) by Equation 2.51: 
Lny = In 	+ (1 - 
	 2.51 
where V2 and V are respectively the molar volumes of solute 
and stationary phase. 
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Substitution in Equation 2.50 gives: 
vT) 	M 	V 	V _____ V2 
2n_g a = Ln—+ Ln ______ - (VT 
	Ma 	
v 2nv 	('f) 	
a 
Ma 
Vb = p 	Va = 	
andP
b 	a = P s 
The solution of Equation 2.52 yields 
2.52 
(VT) 
Ln_g a = 	 - 	 2.53 
(VT) 	5 2 Ma Me 
gb 
It is clear from Equation 2.53 that shorter retention 
times will result if we use a higher molecular weight compound 
of homologous series and this effect will be most pronounced 
for Ma /Mb C 20. 
The effects of changing stationary phase molecular 
T. weight on the relative retention, r 23 = (Vg )2/(Vg )3 may be 
obtained by using Equations 2.33, 2.51 and there results 
which are: 
ra 	
1 	1 ___ = (V2 - v 3 ) p5(— - 	 2.54 
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where r 3 and r 3 are, respectively the relative retentions 
of solutes 2 and 3 on the two stationary phases a and b; 
V2 and V3 are the molar volumes of pure solutes 2 and 3. From 
Equation 2.54 it is clear that if the two solute molar volumes 
are equal, changing the stationary phase molecular weight will 
have no effect on the relative retention but will reduce the 
retention volumes of the two solutes. 
2.7 Effect of Mobile Phase on Retention Volume 
The effect of mobile phase in GLO was first observed 
by D.H. Desty et al. (50). 	They found that the degree of 
El 
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separation (relative retention) of close boiling pairs of 
hydrocarbons in a gasoline fraction could be significantly 
altered by the use of hydrogen instead of nitrogen as carrier 
gas. 	The variation in the resolution were believed due to 
solute carrier gas interactions and it was shown (51) for a 
number of solute carrier gas systems a linear relationsb.ip 
exists between log K and the second virial coefficient B 12 . 
Generally the magnitude of B 12 for a particular solute for 
different carrier gases is very small and almost constant; 
thus this effect can be ignored in GLC. 
In liquid-liquid chromatography, the mobile phase 
extracts the solutes from the stationary phase and can be 
used to enhance or suppress the solute retention. 	The effect 
of the change of molecular weight of mobile phase can similarly 
be obtained as in Section 2.6. 	The ratio of retention 
volumes of solute when using two mobile phases C and D on the 








(1 	1 	 2 6 D - \V3 - 2 1 'ç - r23 
where Mc  and  MD  are, respectively, the molecular weights of 
mobile phases C and D; r 3 and r 3 are relative retention 
in mobile phases C and D. 	The results are comparable to 
Equations 2.53 and 2.54 but are reverse of those for the 
stationary phase. 	Therefore it is required to use a high 
molecular weight stationary phase and a low molecular weight 
mobile phase-to obtain short retention times. 
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2.8 The Structure Dependence of Retention Volume 
The solute retention in column chromatography depends 
not only on the vapour pressure of the pure solute but upon 
specific solute/solvent interactions, which. are allowed for 
in Equations 2.25 and 2.31 by the activity coefficient.. 
Unfortunately the calculation of activity coefficients from 
the molecular properties of the solute and solvent is not 
generally possible because the detailed theories of liquid 
structure have not been established. 	However many authors 
have made empirical attempts to correlate the activity co-
efficient of a solute with its structure but these attempts 
are limited and are applicable to the restricted classes of 
compounds. 	The correlations of Pierotti et al. (52) are 
very useful and have been applied successfully in C-La. 	The 
general equation of relationship between the activity co-
efficients and structure of solute and solvent given by 
Pierotti is: 
APe Lny2 = - RT = Al2 + B 1 n2/n1 + C2 /n2 + D(n2 -n1 ) 2 +F1 /n1 2.57 
-where subscripts 2 and 1 are, respectively referred to solute 
and solvent; A, B, C, D and F are empirical coefficients 
dependent upon the nature of the solute and/or solvent and n 
is the number of carbon atoms. 
Bronstead and Koefoed has given a relation for the 
activity coefficients of molecules of unequal size for mixtures 
of n-alkanes when n 1 , n2 < 16 by Equation 2.58 
Lny = - D (n1 - n2 ) 2 
	
2.58 
Kwantes and Rijnders (53) tested the above equation using 
GLC but the quantitative agreement with the experimental results 
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was poor. 	Another simple relation in which the solutes are 
a series of n-alkanes and stationary phase is known, is given 
by Pierotti: 
• Any =K+--n 2 	 2.59 
where K is composite constant. 	The above equation has also 
been independently derived by Herington (5.9.). Pierotti et 
al. (52) have also investigated the effect of changing the 
homologue number of the stationary phase. 
In liquid-liquid chromatography, the activity coeffic-
ients for the simplest case can be given by the first two 
terms on the right hand side of the Equation 2.57. 	That is 
Lny = Al2 + B 1 n2 /n 1 	 2.60 
where n2 is the number of carbon atoms of solute for members 
of a homologous series. 	Substituting in Equation 2.31 we 
have 
2nV = K1 + K2n2 	 2.61 
where K1 and K2 are differences between the empirical constants 
for each phase. 	In this system a linear relationship should 
be obtained between £nV 
T9 
 and n2 and has been given by 
Locke (48). 
Further work along semi-empirical lines will certainly 
extend the range of predictions and it is probable that in the 
not too distant future specific retention volumes will be pre-
dictable to a good degree of approximation, and that ratios 
of retention volumes for similar solutes will be quite 
accurately predictable. 	. . 	 . 
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2.9 Effect of Osmotic Pressure on Retention Volume 
Regarding the transfer of a solute from vapour to 
liquid at constant temperature and at osmotic pressure U, 
the condition for equilibrium is that the chemical potential 
of the solute shall be the same in vapour and liquid forms, 
thus: 
= 4 ( u ) 
= 4(o) 
4(u) - 4(o) = 4(u) -.4(o) 
TT 
-gV2 = RT Zn -s 	 2.62 
P2 
where V2 is the partial molar volume of the solute in the 
liquid phase, p  is the partial vapour pressure of the solute 
above the solution at zero external pressure of carrier gas, 
and p  is the partial vapour pressure of the solute under a 
carrier gas pressure fl. 





P2 = p2 exp[-j] 
or 	 uV2 	uV22
TT 	0 
P2  = p(l + RT + + 	.
....) 	2.63 
For not too high external pressures, the values of (2)2 
and subsequent terms are small and can be ignored. 
Rearranging Equations 2.63 and 2.25 we get 
RT 	 2.64, 
2 	(p2+ 	R  
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Equation 2.64 determines the effect of osmotic presuure on 
retention volume and the results obtained by us (see Chapter 
8) are comparable with those calculated from this equation. 
The effect of column pressure on retention volume observed by 
us is less than 3% for average column pressures up to 5 atm. 
At very high pressures (> 10 atm) the carrier gases do not 
behave ideally and may slightly modify the stationary phase 
by dissolving in it. 	The resulting effects can easily be 
contradictory. 	The effect of non-ideality on retention 
volume has been considered by Desty et al. (50). 
2.10 Conclusion 
Broadly speaking column chromatography both in GLC and 
LLC provides a useful means of studying the thermodynamics 
of three component two phase mixtures in which the third 
component is present in a highly dilute state in phases com-
pared to the other two. 	In particular it enables activity 
coefficients at infinite dilution to be obtained and, from 
their temperature dependence, heats of solution. 
Conversely the applications of the results of static 
thermodynamic experiments on very dilute solutions is directly 
applicable to chromatography and will be of increasing use-
fulness in the prediction of retention volumes and specific 
conditions for new analyses. 
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CHAPTER 	3 
THE KINETICS OF COLUMN CHROMATOGRAPHY 
In elution chromatography the differential molecular 
movement which leads to separation inevitably also leads to 
the spreading of any pharp band initially injected at the 
beginning of the column. 	The extent of this spreading is 
a measure of the inefficiency of the chromatographic process. 
The processes leading to zone spreading have been dealt by 
plate and rate theories. 	Only the latter provides information 
on the influence of kinetic phenomena such as rate of mass 
transfer between the phases, rate of adsorption or chemical 
reaction, longitudinal diffusion, flow and non-equilibrium 
on the history of a band in the column. 
3.1 Classifications of Chromatographic Theories• 
The theories of chromatography may be classified (25,54) 
according to the type of distribution isotherm which may 
be either linear (e.g. in Equation 2.10) or non-linear, and 
according to the ideality or non-ideality of the kinetic 
condition. 
In "ideal" chromatography the equilibrium between the 
two phases is assumed to be. instantaneous, the proportion of 
the two phases at all points of the column is constant, the 
flow of the mobile phase is uniform and no axial diffusion 
of solute molecules occurs in either of the two phases. 	In 
"non-ideal" chromatography which includes all real chromato-
graphy these conditions are not met. 
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Following Martin (55) the four possible types of 
chromatographies are shown in Figure 5. 
Linear Ideal Chromatography: 	The rate of movement of a 
solute relative to the mobile phase depends upon the product 
of the partition coefficient between the phases and the ratio 
of the volumes of the phases. 	The shape of the band remains 
unchanged during chromatography. 	The different solutes intro- 
duced as a mixture into a column, behave independently and the 
requirements for the individual bands to be separated can be 
found by simple mathematics (20). 
Non-Linear Ideal Chromatography: 	This form is not suitable 
for elution chromatography since the bands develop severe 
asymmetry with either a sharp front and long tail or the 
reverse. 	The solutes affect the behaviour of each other and 
rigorous treatment is not possible (56). 	This case was 
treated by Wilson (20) and later by Devault (21) for a single 
solute. 
Non-Linear Non-Ideal Chromatography: 	The shape of the 
bands are asymmetric; neither tail nor front is sharp. 	This 
case was discussed by Klinkenburg and Sjenitzer (57). 	The 
mathematical treatment of the theories becomes very involved 
and will not be dealt with in this thesis. 
Lh. Linear Non-Ideal Chromatography: 	The elution bands are 
symmetrical and approach the shape of a Gaussian curve. This 
type is of particular importance for the treatment of column 
chromatography, as the assumption of the linear isotherm is 
then usually a good approximation. 	The theories describing 
the position and structure of bands in this case are described 
in this and the subsequent chapter. 
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3.2 Theoretical Plate Model ("Plate" Theory) 
The plate theory in which a linear isotherm is assumed 
was developed by Martin and Synge (3). 	The separating 
efficiency of a chromatographic column, which was regarded as 
a discontinuous medium analogous to a plate distillation column, 
was characterised by the height equivalent to a theoretical 
plate •( HET P ) or plate height. 	According to these authors 
plate height, H, is the length of a slice of column such that 
the eluant solution issuing from it is in equilibrium with the 
stationary solution averaged over the slice. 	The number of 
plates in the column is then the length of a column divided by H. 
The height equivalent to a theoretical plate so defined is an 
empirical quantity and the theory does not deal with the 
mechanism which determines it. 	However the authors deduced 
a rule that H should be proportional to flow velocity and the 
square of particle diameter, d. 
(58). 
Mayer and Tompkins visualized the plate concept in terms 
of intermittent flow process rather than continuous flow of 
Martin and Synge and developed the theory in the direction of 
predicting the number of plates needed to obtain a required 
purity of the separated products. 	Glueckauf (19) re-examined 
the theoretical plate treatment and replaced the "discontinuous 
flow treatment" (the step by step equilibration which leads to 
a binomial distribution) of Mayer and Tompkins by a "continuous 
flow model" which leads to a distribution of the Poisson type. 
For a large enough number of equilibrations with a uniform 
column all the plate models produce a Gaussian elution con-
centration profile of the form 
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c = Ae_/2a z 
where tZ is the distance from the peak maximum and cy the 
standard deviation of the band in the column. 	The number 
of plates in a length Z = L, then found to be 
N =&2/L) 
Gleuckauf obtained simple equations which permit calculation 
of N not only from the familiar bell shaped elution curves, 
but also from the S-shaped breakthrough curves characteristic 
of frontal and displacement analysis. 	He also considered 
the effects of non-equilibrium within the particles. 
Though the plate theory has been criticized by Giddings 
(30), it nevertheless provides the universally accepted para-
meter, the plate height, H, which is used to characterize 
chromatographic zone spreading and thus resolution (see Section 
2.3). 	H is now best edefined as the rate of increase of 





For a uniform column Equation 3.1 can be written as: 
H = a2 (L) 	 3.2 
3.3 The Early Approach to Rate Theories 
The first attempt at a kinetic theory - of zone spreading 
was made by Wilson (20) in 1940. 	The theoretical treatment 
given by him considered the roles of diffusion and non-equili- 
brium. 	Wilson states, "The width of a band may increase 
because of diffusion, or because the leading edge of the band 
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migrates too rapidly on account of a low rate of adsorption, 
or because the tailing edge of the band migrates too slowly 
on account of a low rate of desorption." 	The fact was 
established by then that "excessive zone spreading occurs is 
either at very high or very low flow rates." 	The Wilson 
treatment is applicable to all forms of chromatography though 
it was originated for gas solid chromatography. He also de-
rived a first order partial differential conservation equation 
which was modified by DeVault (21) to explain the theory 
quantitatively. 	Several authors (22,60,61) contributed to 
the development of the theories of chromatography but 
H.C. Thomas (23) in 1 948 made the most general and outstanding 
contribution in which he described the formulae from which the 
adsorption and desorption rates could be obtained from the 
experimental solute concentration curves of chromatography. 
In 1952, Lapidu.oand Amu'dsen (24) considered linear non-
ideal chromatography, which is the simplest form to which real 
systems approximate reasonably well and deduced a general 
equation for the zone spreading which resulted from a finite 
rate of mass transfer and from a longitudinal diffusion co-
efficient. 	Tunitskii (62) avoided the use of an empirical 
transfer coefficient, and introduced the eddy diffusion in his 
treatment. 	Gleuckauf and his associates (63-65) first 
related H.E.T.P. to particle size, particle diffusion and 
diffusion through the film surrounding the particles and also 
showed how their treatment could be used to explain many 
experimental effects in ion-exchange chromatography. 	This 
theory of linear non-ideal chromatography was then extended 
by Klinkenburg and Sjenitzer (57) and more specifically by van 
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Deemter, Zuiderweg and Klinkenb&-g (25). 	The subsequent 
applications of the so called "van Deenter equation" were 
largely responsible for the rapid development of efficient 
gas chromatographic techniques and closing the gap between 
theory and experiment. 
3.4 van Deemter Equation 
The Dutch workers van Deemter, Klinkenburg, Sjenitzer 
and Zuiderweg (25,57) described a rate theory which showed 
that the efficiency of a packed chromatographic column could 
be related to eddy diffusion,molecular diffusion and mass 
transfer in the mobile and liquid phases. 	Their approach to 
the theory was statistical and zone spreading was considered 
to result from 3 independent mechanisms (see below) which 
contribute additively to H. 
1. Eddy Diffusion: Because of the presence of packing, the 
solute molecules travel through the column along many paths 
of different lengths, cross-sections and directions. 	Thus 
some molecules will arrive at the end of the column before 
and some after the average molecule, depending upon the 
particular paths taken. 	This leads to the depletion and 
widening of a solute band. 	These authors gave the variance 
in distance travelled by molecules in traversing a single layer 
of particles of diameter d p , as 
= 2Xd2 
(dv ) 	p 
where X is packing characterization factor. 
For a packed column of L/d particle layers, the total 
variance is 
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02 = 2XLd 
= 2Xd 
Red. = 2Xd 	 3.5 
Molecular Diffusion in the Mobile Phase: 	Under the same 
condition of pressure and temperature for a particular column, 
all solutes spend the same time in the mobile phase, and this 
time varies with the fluid velocity, trn = L/u. 	The variance, 
contribution from diffusion is given by Equation 3.6. 
= 2Dp t 	 3.6 
9




Hdiff = -r = 2 
For a packed column the above equation can be written as: 
°L 2 2YDm 
L 	u 
where y is a tortuosity correction factor 
or 
B = 2yD/u 	 3.7 
Resistance to Mass Transfer in the Liquid Phase: The 
instantaneous equilibrium of the solute concentrations 
between the mobile and stationary phases cannot be achieved 
in real chromatography because of the finite rate of mass 
transfer between the phases. 	Consequently, the molecules 
of a solute either fail to go into solution and then travel 
slightly ahead of the band, or are slow in getting into the 
moving phase and so lag behind. 	If Fm  and  F  are the 
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fractional plate volumes occupied by mobile and stationary 
phases, u is the mobile phase velocity and C 5 the mass trans-
fer coefficient, the material balance per unit cross-
sectional area is 
dC 	 dC m ______ 
	
= _Fmu(dt 	+ C 5 (c 5 - ito') 	3.8 
and in terms of stationary phase 
F (dC 5) = C 5 (kc - c) 	 3.9 
5 dt 
(c 3 is the out of equilibrium value of c, k = c/c) 
Lapidus and Amundsen (24) have obtained a general solution 
for these equations parallel to a Gaussian distribution pro- 
vided the column contains a sufficient number of plates and 
the simplified solution of Equation 3.9 is given by Purnell 
(66) as: 
a 2 	Kd2u 
H = -f- TTp  =.--- 	 3.10 
(1 + 
On combining Equations 3.5, 3.7 and 3.10, we get the van 
Deemter Equation: 
2yDm 	K 	d2 • 	H=2Xd + 	8 	2D 	
3.11 
P u n (l+K) s 
Keulamans and Kwantes (67,68) reviewed the combination of 
plate and rate theories and gave a simple form to the van 
Deemter Equation written below: 
H=A+B/u+Cu 	 3.12 
It is obvious from Equation 3.12 that H, plotted against u, 
should yield a hyperbola with a minimum value of H at some 
velocity umin  (see Figure 6). The values of 11min  and  "min 
can readily be obtained by differentiating the Equation 3.12 
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dli 	-0 	B = -- 	C du u 
uin = (B/c) 
Substituting the value of umin  in Equation 3.12 gives 
1 
"min = A + 2(B/C) 2 
Keulemans also pointed out that due to the pressure drop 
across the column (see Section )t.L) only a small section of 
the column can operate at maximum efficiency. 
3.5 Golay Equation 
The use of micro-columns a few tenths of a millimeter 
in diameter was first mentioned by Martin in 1956. 	This idea 
was realized in theory and practice by Golay in 1957 (26,69,70). 
Golay's approach to the theory of capillary columns is based 
on the general laws of diffusion. 	He has considered two 
factors, (i) the band broadening resulting from axial diffusion 
and radial diffusion/velocity flow profile in an uncoated tube 
and (ii) the dispersion in the tube whose walls are coated with 
a thin retentive layer, to derive an expression for the height 
equivalent to a theoretical plate in circular and tubular 
columns. 
The dispersion in circular pipes under the combined 
action of molecular diffusion and radial diffusion (the 
variation of velocity over the cross-section) have been con-
sidered extensively by Taylor (71, 72), Westhaver (73) and 
Aris (74). 	Golay extended Taylor's method to circular and 
rectangular tubes coated with stationary phase. 	The molecules 
of a substance spread out due to axial and radial diffusion/ 
velocity profile diffusion in the mobile and stationary phases. 
The dispersion resulting from axial diffusion in the mobile 
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phase depends only upon the rate of diffusion and has been 
derived earlier. 
The flow rate of the mobile phase in the centre of the 
capillary is higher than at the tube walls and is given by 
u = umax(1 - 
where umax  is the maximum velocity along the central line, 
is the velocity at distance x from the central axis and 
r is the radius of the capillary. 	The components of the 
substance, which diffuse into the more slowly moving or 
stationary mobile phase layers pass over into the liquid phase. 
The low velocity near the walls helps equilibration between 
phases, and the components in the centre will pass through the 
column much more rapidly.than those at the walls unless there 
is rapid change of position by radial diffusion as indicated 
by arrows (see Figure 7). 	The radial diffusion thus limits 
the spreading of the band caused by velocity flow profile. 
According to Golay, the contribution of the radial diffusion/ 
velocity profile band spreading mechanism to the theoretical 
plate height is 
r2 1 + LK+ 11K2 1 
H = Cu = 2D 	
+ K)2 	
3.13 
where K is column capacity ratio and when K = 0, the above 
expression agrees with the results obtained by Taylor (72), 
i.e., 
whereas, when K = 
r2u 
H - 2  4D 	
3.14  
llr2u 
H = 2LDm 	
3.15 
as shown by Westhaver (73). 
IS 
The dispersion due to radial diffusion in the stationary 
phase is limited by the thickness of the film of the liquid 
phase. 	The dispersion in the stationary phase can be given 
in terms of the rate of diffusion, the partition coefficient, 
and with the thickness of stationary phase film in contact 
with the mobile phase. 	Thus 
HCu 	
n 
' 2 U 	3.16 
5 D 	6(1 + K) 2 
where k = (r/2d 5 ).K as has been shown by.Desty et al. 
On substituting the value of k, the right hand side of 
Equation 3.16 becomes similar to the term obtained by 
van Deemter. 	On the whole, the sum of three factors: zone 
spreading due to axial diffusion (B), zone spreading due to 
mass transfer into mobile phase layers at different velocities 
(Cm ) and zone spreading due to the transfer into and time 
spent in the stationary phase (C 5 ) together with their 
relationship to the mobile phase flow, determines the total 
spreading and therefore HET!?. 
H = B/u + Cmu + C 5u 
or 









6(1 + K) 2 
+ 	 u 	3.17 
= 	+ 2 D 
(Golay Equation) 
It has been shown recently on the combined theoretical 
and experimental evidence that the HETF 	terms in Golay 
Equation require corrections and at the same time this equation 
needs additional terms, to account for several facts which are 
discussed below. 
Because of the easy compressibility of gas the velocity, 
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u, and with it, H, vary along the column and thus the 
H.E.T.P. terms in Golay equation require corrections to 
include the influence of pressure gradients on them. Giddings 
et al. (75,76) and Littlewood (77) have derived equations for 
pressure corrections and their results have been verified by 
many authors (78,79,94). 
The contribution to the band broadening due to inter-
facial adsorption at gas-liquid and liquid-solid interfaces 
has been calculated by Giddings (80) but Martin (81) has 
pointed out that adsorption on the liquid in capillary columns 
is not prominent because the surface area per unit volume of 
liquid normally is much less than packed columns. 
Golay assumed that the zone spreading resulting from the 
slow mass-transfer across the interface was negligible since 
he assumed that once a molecule struck the gas-liquid inter-
face it entered the solution without any resistance. 	Khan 
(27,28) in a later treatment made no such assumption and de- 
rived an expression for interfacial resistance to mass transfer. 
He showed that the term is significant only if the fraction 
of colliding molecules Thlich stick to the surface and condense, 
the "accommodation coefficient " is 10 	or less. 	His approach 
to the theory of capillary columns is based on simple laws of 
linear kinetics. 	He has applied his theory to the acetone- 
chloroform system and has obtained the value of H.E.T.P. which 
is mainly • dependent upon the interfacial resistance. 	Although 
interfacial resistance may not play such a dominant role in 
other systems it is certainly not always justifiable to assume 
equilibration conditions at the interface and neglect alto- 
gether the effect of interfacial resistance on H.E.T.P. 	These 
LkO 
predictions are confirmed by the results of Barr and Sawyer 
(92) who have found considerable band broadening resulting 
from a limiting rate of solute transfer across the gas-liquid 
interface. 	However as shown by Scott and Hazeldean (82), 
the interfacial resistance for the n-heptane argon-dinonyl 
phthalate system is insignificant. 	Recently Giddings et al. 
(53) have concluded on the combined theoretical and experimental 
evidence that the plate height contribution of interfacial 
resistance is negligible in practical laboratory columns, but 
they (93) have also devised a method to measure the influence 
of interfacial resistance on the width of a number of solute 
zones. 
The subject of liquid distribution on GO support and 
capillary columns and its relationship to plate height has 
been discussed by Giddings (84) . 	Stationary phase is 
generally assumed to be distributed as a layer of uniform 
thickness on the inside wall of capillary tubing. 	This ideal 
situation is physically unattainable because if the interior 
surface were rough,liquid would accommodate in valleys and 
pockets in a somewhat erratic manner and in the case of 
smooth walls, liquid would accumulate selectively in regions 
where slit negative variations occurred in the radius of 
curvature. 	Generally the wall roughness is of the same mag- 
nitude as the film thickness and Giddings has shown that even 
a variation of a few parts of lO in radius of curvature would 
influence accumulation through capillarity. 	Guiochon et al. 
(55) have discussed the poor efficiency with capillary columns 
due to non-wetting properties of stationary phases. 
Recently Golay (91) has extended his treatment to an open 
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tubular column lined with a porous layer and has given 
possibilities for experimental verification. 
3.6 Jones Extended RETP Equation 
Several attempts have been made to fit the van Deemter 
equation to the experimental data. 	Qualitatively this 
expression is satisfactory, but quantitative determination 
of the values of A, B and C have exposed anomalies that have 
led several authors to reexamine the fundamental approach to 
the rate theory. 	Giddings et al. (75) applied pressure 
corrections to HETP terms in the principal equation along with 
the addition of an expression for slow diffusion in the mobile 
phase but failed to obtain much impr6vement of fit to their 
experimental data. 	Jones (86) found that liquid diffusion 
was not dominant in his experiments and presented an equation 
of the form H = B/u + Eu where E refleots mobile phase mass 
transfer effects. 	He and van Deemter later presented con- 
secutive papers (87,88) at a meeting and both authors recon- 
ciled to eliminate differences in their equations. 	In sub- 
sequent discussion, Jones suggested that, in fact there should 
be two mobile phase diffusion terms and derived an equation 
H = A + B/u + C 5 U + (Dm + Em)u 	3.18 
He justified the inclusion of E term on the argument that 
although gas diffusion occurs about 100,000 times faster than 
liquid diffusion, the distances involved in the motion of 
solute molecules in the gas phase compared with those in the 
thin liquid film on the solid support are considerably larger 
with the result that the relaxation times became comparable. 
This view was supported by Golay (26). 
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Kieselbach (79) made an elegant attempt to analyze 
data with Equation 3.18 for several columns by least squares 
technique but obtained slight variations in the results that 
led Jones to consider his equation again. 	Jones pointed 
out this equation was in error, in that the velocity distri-
bution term was thought to be a function of [l/(l + K) 2 ] and 
the correlation term was not included. 	His final achievement 
was the derivation of Equation 3.19 which is known as Jones 
extended HETF equation. (128). 
HETP = 2Xd + 2YDm/u + 213[K/(l + K) 2 ](d/D5 )u 
+ c 1 [K2/(l + K)2](d2/D m )u + c2(d/Dm )u 
+ 2p(c 1 c 2 )[K/(l + K)](dd/D)u 
which is commonly written,for simplicity, as 
H=A+B/u+Cu+01u+02u+03u 	 3.19 
The first three terms are identical to those in van Deemter 
equation except that C S differs in the numerical coefficient 
213 instead of 8/ri2 . 	The Cl  term represents resistance to 
mass transfer in the mobile phase, 02  is the velocity distri-
bution term and 0 3 is a correlation term accounting for inter- 
action between Cl and  02. 	While discussin3 the terms C l , 
02 and 0 3 Jones has considered the statistical basis for the 
HETP of a column. 	That is 
C7
2  = 1 n2 
where n is the number of transfers the solute makes and 1 is 
the distance travelled between such transfers. HETP of a 




If two factors contribute to a variance, the total variance 
can be related to the variances of the individual factors 
by the expression (89). 
G2 =0 2 +0 2 +2p a 	3.20 
xy 	x 	y 	xyxy 
The factor p 	is the correlation coefficient for variablesxy 
x and y and the value of p is zero if the variables are 
independent and if there is strict correspondence between 
xand y say x = ay, then p = 1. 	If the average velocity 
of the mobile phase is u and K(=ts/tm;tm  =.L/u) is the ratio 
of time in the stationary phase to the time in the mobile 
phase, then relative to the band the gas will move forward 
with velocity, Ru = u(K/l + K) and the liquid will move back-
ward with a velocity of (1 - R)-i = (u/l + K). 	The distance 
travelled per step is equal to the time per step multiplied 
by the relative velocity of the phase with respect to the peak. 
Resistance to Mass Transfer in the Mobile Phase, Cl: 	Assuming 
that dm  is the average diffusion path which a molecule has to 
travel to arrive at the liquid surface and the molecule has n 
opportunities to diffuse out of a phase, then the total 
variance is 




dm =2DIn T 	 3.22 
where T is the time required to travel a distance d m and 
n = (L/u)/T = ( 2D/d)L/u 
and the distance travelled per step, d is 
= (d/2D)(K/l + K)u 	 3.24 
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From equations 3.21, 3.23 and 3.24, we get 
H = 2 = [c 1K2 /(l + K) 2 ](d2 /D )u = C1u 	3.25 
where c 1 is a geometric constant. 	The tern C l increases 
with K2/(1 + K) 2 to a limiting value of 1 whereas K/(1 + K) 2 
factor in the C term of the equation approaches zero as a 
limit with increasing K. 	Thus for large K values the C 1 
tern will dominate but both vanish for K = 0. 
Velocity Distribution Term C 2 : 	The peak variance due to 
the velocity distribution, does not depend upon K because the 
value of K is unaffected by this factor and is proportional 
to the velocity variance. 	The interchange of mobile fluid 
between two streams of different velocity is analogous to 
the interchange between the discrete phases. 	In a packed 
column, the distance between streams of different velocities 
will be of the order of the particle diameter, d. 	The 
time, I required to diffuse this distance is 
I = d2  /2D 
n = L/uT = ( 2Dm/d2 )L/u 
By Equation 3.24  
= (di/Dm)u 
and H = c2(d2/Dm) u = C 2u 	3.26 
where c2 is again a geometric constant. 
In packed columns there will be a large velocity difference 
between the mobile fluid in the relatively stagnant interior 
of the porous packing and that in the regions between the 
particles. 	Consequently it is the C2 term of the HETP 
equation which accounts for the relatively greater spreading 
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of air peaks in packed columns as compared to capillary 
columns. 	The Velocity dependent term, [ 2X/(l+XDm/ 2dpU)] 
corresponding to the van Deemter equation term A derived by 
Giddings (90) reduces to the 02  term at low velocities. In 
Giddings expression P 2 is the geometric constant and is equal 
to 2c2 . 
Correlation Term, 0 3 : 	A correlation term is required in the 
extended BET? equation because when a molecule stays closer 
than average to the walls it will spend shorter times in the 
mobile phase and travel at a lower average velocity and vice 
versa, with the result C and C 2 are interconnected. 	The 
correlation between Cl and  02  can be obtained from Equation 
3.20. 	Thus 
H = 2p(c1c2)2[K/(l + K)](dpdm/Dm )U = C 3 u 
	 3.27 
Unfortunately the correlation coefficient cannot be calculated 
in any simple way; it is expected that p will be less than 1, 
but sufficiently greater than zero to reflect a fairly strong 
correlation. 
Comparison with the Golay Equation: 	The extended BETF 
equation, if applied to capillary columns where d = d m = r 
and A = 0 becomes 
B = 2Dm + 2{ 	K 	](d/D5)u + [c'+c"K+CmK2 ](r 2 /D)u 3.28 
3. (1 + K) 2 	 (1 + K) 2 
Comparison of the Golay coefficients with these values yields 
for capillary columns 
2 
c 1 = l/L, c 2 = 1/24, p = (2/3) 2 = 0817 
and when K = 0 the mass transfer term reduces to 
2 B = (r /2)iD 	i m )u as n the Coley equation. 
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CHAPTER 4 
GIDDHTGS APPROACH TO THE THEORIES OF CHROMATOGRAPHY 
Two theories have been used to describe the various 
processes contributing to zone spreading in chromatography; 
both were mainly developed by Giddings. 	These are a random 
walk theory which is an essentially simple, intuitively 
correct but inexact approach and secondly the more powerful 
and rigorous non-equilibrium theory. 	In this chapter we 
follow Giddings' book "Dynamics of Chromatography, Fart I, 
Principles and Theory" and only the key references will be 
mentioned. 
4.1 The Random Walk Model 
A random process is one in which individual movements 
occur unpredictably and the so-called random walk is the 
simplest form of this process. 	While applying the random 
walk model to chromatography, two well known results of 
statistics and a concept related to diffusion have been 
used. 
The first statistical result is that if a large number 
of objects (molecules in this case) started in exactly the 
same location; then, under the influence of random forces, 
these objects will develop a Gaussian distribution. 	The 
measure of the spread of this Gaussian curve is the standard 
deviation, C and in the random walk model the value of u may 
be measured by Equation L.l 
1 
or = ln 2 
	
4. 1 
where 1 is the distance a molecule is displaced with respect 
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to the origin in a single random event and n is the number 
of these displacements. 	As a molecule moves down a chroma- 
tographic column it may be considered to perform a random 
walk relative to the average molecule, sometimes stepping 
behind and sometimes in front. 	Thus •increase in column length 
will increase n in the same proportion, if other parameters 
3. 	1 
of the column were kept constant; therefore an 2 L2 . 	Thus 
0 2 =HL 0r H= 02/L 	 4.2 
where H is a constant of proportionality and is defined as the 
variance per unit length in a uniform column. H is of course 
the plate height discussed in Chapter 3. 
The second result of statistics already given in 
Equation 3.17 is that for a group of independent random pro-
cesses occurring simultaneously, each of which alone would 
produce a variance a i 3 the total variance is uE  G ~ or 




This assumption has been used in the discussion of the 
kinetics of chromatography (Chapter 3) 
It is well established that diffusion is a direct con-
sequence of the random movement of molecules. 	The spread 
resulting from ordinary diffusion (96) is given by the well 
known Equation 
G2 = 2DtD 
	 LpL. 
This equation is generally applied to measure the average time 
which a molecule needs to diffuse a distance dfrom its 
starting point. 	Since d is equal to a, therefore 
t  = d2/2D 
t  is the time required on the average to generate a dis-
placement d and D is the diffusion coefficient. Chromato-
graphy may be expressed either as a random process with 
value a, or a diffucion process with a value of D. 	In 
chromatography the dispersion of a chromatographic zone is 
resulted from the random processes such as ordinary molecular 
diffusion, sorption-desorption kinetics and flow phenomenon. 
The zone's centre, although moving, should be regarded as the 
point of reference about which spreading originates, and all 
random forces should be characterized according to the 
relative change in distance from this moving origin. 	We shall 
apply the random walk model to obtain the component u values 
for the random molecular processes of chromatography. 
Longitudinal Molecular Diffusion: 	The mathematics of diff- 
usion has been developed elsewhere, so Equation 44 will be 
applied to calculate the zone spreading due to molecular 
diffusion in the mobile and stationary phases. 
The spreading of a zone in the mobile phase is given by 
a2 =2Dt 	 4.6 mm 
where t   is the time a solute spent in the mobile phase with 
average velocity, u while migrating through the distance L. 
In fact tm is equal to tD; tm = (L/u). 	Dm is the diffusion 




H = 2Dm/u 	 4a7 
49 
For packed columns Equation 4-7 may be written as 
	
H = 2YD/u 
	 ME 
where y is an obstructive factor indicating the degree to 
which diffusion is hindered by the granular material. An 
elegant attempt has been made by Knox and Mclaren (97) to 
evaluate y both theoretically and experimentally. 
The dispersion in the stationary phase is obtained 
from Equation LpL as follows: 
a2 =2Dt ss 	 4.9 
where t5 = tm(lR/H); ts/tm = 1-H/H 
Substitution in Equation 4.9 yields 




u 	H 4. 10 —  
where y5 represents that diffusion in the stationary phase 
cannot take place direct unobstructed route. 	The relative 
importance of the plate height contributions made by 
Equations 4.8 and L.lO depends on the particular system under 
consideration. 	The values of y and Y s are comparable, i.e. 
Y 	06 and y 	0•5. 	In gas chromatography the contribution 
given by Equation 4. 8  is the major one, but in LC both 
processes may contribute. 
Adsorption-Desorption Kinetics: 	The random walk model may 
readily be applied to the simple kinetic mechanism in which 
solute molecules adsorb and desorb in accordance with the law 
of first order kinetics. 	It is assumed that ta  and  td  are 
the average times which a molecule spends in stationary and 
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mobile phases respectively before its stay is terminated 
either by desorption or by adsorption. 	Therefore t a = 1/Ka 
and td = 1 /lcd where Ka and K  are transition rate constants 
for adsorption and desorption respectively. 	If the average 
velocity of the mobile phase is u then the molecule covers a 
distance Uta  before adsorption. 	Migrating in segments of 
mean length Uta a total of L/Uta  segments are required to 
reach L. 	Since there is a desorption step for every sorption 
step, therefore the number of steps will be 
n = 2L/Ut 
	
4. 11  
As already said step length in the random walk model must be 
a measure of how far a molecule moves relative to the zone 
centre. In this case, the zone centre is moving with velocity 
Ru and in time t, it will cover the distance Rut   while a 
desorbed molecule is moved a distance ut a . Thus the step 
length 1 will be: 
1 = ut - Rutd = uta(1_R) 	 4.12 
From Equation )4..l (a2 = l2n), we obtain 
G2 = 2(1-R) 2ut L a 
H = 2 ( 1 _R) 2ut a 
H = 2R( 1 _R)utd; t/td = (R/1-R) 	- 	4.13 
=2 K 
(1+K)2 utd; 
	H = l/(l+K) 	 4. 14 
This is an extremely important equation since it is the 
starting point for diffusion controlled kinetics and can 
also be applied to heterogenous systems. 	H is maximum at 
R = 112 or K = 1 when u and td are constant. It is required 
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to have a high value of the transition rate to obtain the 
minimum contribution to H from adsorption-desorption kinetics. 
Diffusion Controlled Kinetics: 	In gas liquid chromatography 
and liquid-liquid chromatography where the stationary phase 
is in bulk, adsorption-desorption kinetics on a surface does 
not control the whole process because two dimensional 
diffusion may occur on the surface of the stationary phase. 
The major difference between the release by diffusion and de-
sorption from the surfaces is that the rate of the former is 
determined by the magnitude of the diffusion coefficient and 
the rate of the latter is determined by the rate constant Kd. 
If the depth of the stationary phase is d 5 , then the mean 
desorption time td  is approximately the average diffusion 
time tD• 	Thus 
td = d/2D 5 
Substituting the value of td  in Equation 4p13, we get 
H = 2R(1-R)d2u/D s 	 4.15 
d 2  u 
=2 
(1+K)2 	D5 
This equation is identical apart from the numerical constant 
to that obtained by van Deemter et al., Golay, Jones and 
others. 	In the above expression, for diffusion controlled 
kinetics in stationary phase, the value of H is reduced by 
using the stationary phases in which solute diffusion co-
efficient is very large and by ensuring that the film 
thickness d 5 is a minimum. 
The causes of dispersion in the mobile phase are more 
•0 
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complicated than in stationary phase because in the former, 
diffusion occurs in a complex network of interconnected 
channels and void spaces. 	Furthermore velocity inequalities 
in the mobile phase lead to zone spreading, whereas the 
"velocity" of the stationary phase relative to the band centre 
is constant. 	In the subsequent discussion of diffusion in 
the mobile phase, it is assumed that the contribution to H 
due to stationary phase is negligible, but not necessarily 
that mobile phase contributions to H are independent of K. 
According to Giddings velocity inequalities in a column may 
be described as transchannel, transparticle, short range 
interchannel, long range interchannel and transcolumn. Each 
class of velocity inequality wilLproduce its own contribution 
to dispersion, and for each, the dispersion is limited or 
controlled by transverse (as opposed to longitudinal) diffusion. 
Each type of velocity inequality is thus characterised by a 
diffusion time, te  the time required for a molecule to 
extract itself from an area of abnormal velocity or to move 
from one extreme of the velocity to the other. 	It will be 
assumed for a general case that a molecule must diffuse a 
distance Wadp to reach one extreme from another. 	The value 
of W   depends upon the particular category among the five 
effects mentioned above. 	From Equation 4.5, the average time 
t  needed to diffuse the distance Wadp is obtained as 
t e = W2d2 /2]J 	 4.16 
If the difference between the extreme velocity and the mean 
velocity, which may be one of the velocity extremes with 
which zone is moving is Au, then step length 1 = Aut e . 	In 
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general Au is some fraction of the mean velocity u, i.e., 
Au = wu. 	The value of w, like Wa depends on the 
Particular effect categorized above. 	Hence the step length 
is 
1 = WUt 	 4.17 
or 
1 = S5 w; S = Ut 	 4.18 
where S is the distance which a molecule is carried without 
severe velocity changes and the number of steps is given 
n=L/5=L/ut 	 4p19 
Substituting the values of n and 1 in Equation Lpl, yields 
02 = 2 U)2 . 
	
H = wS 	 4.20 
The equation of the specific case germane to the problem 
here is obtained, after substituting S = ute and using 
Equation 4.16 for t e • 	That is 
22 	2 
U) LU 3 d u ap  
2 	D 	 4.21 m 
which, for a given effect i, may be written as 




2 i  
The value w depends on the particular effects mentioned 
earlier and sum of such terms Ew gives the experimentally 
observed value w. 	Golay (127) has treated theoretically 
the probable consequences of column inhomogeneities and has 
identified w in the broadest terms (C m = Wd2/D). 	The 
precise value of w including the dependence of H has been 
discussed by Giddings (98). 	The approximate values of w for 
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porous and non-porous supports are (082 - 0'20R) and 
(063 - 0'20R) respectively. 
Classical Theory of Eddy Diffusion: 	Though this has been 
discussed in Chapter 3, nonetheless we describe here in 
terms of Giddings approach. 	In this theory it is assumed 
that the contribution to H due to eddy diffusion is indepen-
dent of the nature of the mobile phase, of the solute and of 
the velocity. 	Thus eddy diffusion is a measure of peak 
spreading resulting from the interaction of mobile phase with 
solid support. 	The process depends upon the geometrical 
arrangement of the support particles and is therefore non- 
chemical in nature. 	The variance resulting from eddy diffusion 
is obtained from Equation 4.20 (H = ws) provided that the 
persistence-of-velocity span S is properly evaluated. 	The 
value of S depends on one of five effects under consideration. 
For a general case, we say that S = wd; where w X is a 
structural parameter, near unity in most cases because the 
variation in d does not change the geometry of packing very 
much. 	Substituting the value of S in Equation 4.20, we have 
H = u$wd 
	
4.23 
For a given velocity inequality i, this equation may be 
written as 
H=2Xd; X. 1 	ax 4-24 
The values of w and UJx can be calculated for a particular 
category i and the approximate values of X i for each 
category is given below. 
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The Coupling Theory of Eddy Diffusion: 	In the light of 
random walk, theory Giddings (99) has comprehensively re-
viewed the extensive experimental information available, 
particularly with regard to the anomalous values of A which 
have included: 
appearance of A values which are near zero or negative, 
variation of X with particle size, 
variation of A with flow velocity, 
variation of A with retention time, and 
variation of A with solute. 
He has rejected the idea that a packed column can be treated 
as a bunch of capillaries and also challenged Jones' treat-
ment (see Chapter 3) on the grounds that diffusion processes 
within the individual support particles could not account for 
not more than 10 per cent of the observed plate height (100) 
and velocity variation for not more than 2 per cent (98,100,101). 
Jones' treatment was based on a single channel packing 
structure which is only true for an idealized packing unattain-
able physically. 	These factors have led Giddings to develop 
a theory which should be able to remove the anomalies in the 
experimental data. 	He has put forward "the coupling theory 
of eddy diffusion" which emphasizes the interaction between 
the purely geometrical parameter, X and various non-geometrical 
quantities including flow velocity and diffusion. 	In 
classical eddy diffusion, the step length of the random walk 
is roughly proportional to the distance S travelled with fixed 
or nearly fixed velocity. 	In reality there are velocity in- 
equalities over the cross-section of the column and also step 
length is reduced by lateral diffusion. 	This process is 
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illustrated in Figure 8. 	From this figure we intuitively 
obtain that in the case of the interaction of flow and 
diffusive exchange mechanisms, the velocity persistent span 
S is reduced and thus the step length. 	H is proportional 
to S and it is found that plate obtained by Equation 4.20 
is less than the plate heights obtained by diffusion controlled 
kinetics and classical eddy diffusion separately. 	In terms 
of mathematics the coupling theory of eddy diffusion is re-
presented as follows. 
For simplicity, we assume that there is only one type 
of velocity inequality which exists, therefore 5= L/n; 
where n is the number of spans to make up total migration 
distance L. 	The n is the sum of two terms for the two inde- 
pendent processes, nf arising from the flow mechanism, and 
n  arising from the diffusion mechanism. 	Thus 
5= 	L 4.25 n f  + n D 
From Equation 4p20, we have 
H = wL/(nf + n) 	 .26 
Equations 4.16 and 4.19 yields n as: 
=2LD/uwd2 	 4.27 
In classical eddy diffusion S = Wxd and n f = L/Sf , therefore: 
flf = L/Uixdp 	
4.28 




l/2X1d + Dm/wiud; 
where X. = wxw/2 and w. = w2 w2 /2. 
1 
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Rewriting the Equations 4.22 and 1p2)4 
=wid2u/Dm(Diffusion controlled kinetics) 	4.22 
Hf = 2X 1d(Flow exchange) 	 L.24 
The foregoing H equation is equivalent to 
H= lAIf ± 
	
30 
The Equation Lh. 29 may be written in the form which can be 
applied to all categories of velocity inequality as: 
1 
I 1/2X.d + Dm/wiud: 
L.3l 
A plot of H against u for H, H  and HD  is shown in Figure 9 
which illustrates that H is less than H  or HD  individually. 
At high flow rates the plate height is controlled by the flow 
mechanism and at low flow rates by the diffusive mechanism. 
This is exactly the opposite of what is predicted by, say, 
the van Deethter equation. 
Magnitude of Coupling Terms: 	The approximate magnitude of 
the parameters w and X i for every type of velocity inequality 
is given in Table 4.1. 
TABLE 4. 1 . 
Approximate Magnitude of the Parameters W 1 and X 
Type of Velocity Inequality 
1 	Transchannel 001 0•5 
2 	Transparticle Od 
3 Short-range interchannel 05 05 
4 Long-range interchannel 2 01 
5a Transcolurnn 002-10 0- 	200 
5b Trascolu 	(coiled) 0_102 0-10 
FLWI 
• From Figure 9 we obtain the transition velocity, III., at the 
2 
half limiting value of H. 	This is roughly the dividing 
point between the diffusive and flow mechanisms of exchange 
at lower and higher velocities respectively. 	This velocity 
is reached when the ratio of H and H i-. is unity. 
H 	w.du -p- 
- 
ip 	 32 - 	
H 	2XD 
2X i D m 	
14.33 
2 	Widp 
Experimental Evidence for the Coupling Equation: 	The 
coupling theory of eddy diffusion has been criticized by 
Klinkenberg (102,1014); Giddings (103,105) has defended his 
theory on the combined theoi'etical and experimental arguments 
but no conclusive results have been obtained (117). 	Purnell 
and Perret (100) have shown that classical theory is valid, 
(106) 
whereas Glueckauf has obtained the values of X ranging from 
05 to 3. 	The studies by Sternberg and Poulson (107) have 
revealed curvature at high u but they felt that turbulence 
at high velocities affected their data. Many authors 	(108, 
109,110,111,112) have shown the coupling equation to fit their 
experimental data. 	Littlewood (113) observing high velocity 
curvature, has ascribed this to "anastomosis" and has also 
shown (113,1114) an excellent fit to his theory. 	The effects 
of anastomosis" have been clearly shown by Hargrove and 
Sawyer (115). 	Littlewood's mathematical expression for the 
contribution of anastomosis to H is formally identical with 
that of Giddings for coupling. 	Knox (116) has interpreted 
his data by coupling equation in liquid-liquid chromatography 
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but he is of the view that in gas chromatography coupling 
theory may not be tested accordingly since turbulence starts 
at velocities well within the normal range of analytical 
practice. 	Still more sophisticated data is needed to close 
the gap between coupling theory and experiment. 
4.2. Nonequilibrium and the Simple Mass Transfer Terms 
In nonequilibriun theory the single molecular events 
of the random walk have been replaced by the gross processes' 
of mass transfer. 	This theory employs the macroscopic rate 
laws in the same way as they are applied in chemical kinetics. 
It is well established that nonequilibrium (20) causes 
spreading and excessive zone dispersion leads to the overlap 
of neighbouring zones, thus destroying separability. 	The 
theory has been applied successfully for the calculations of 
C (the rate) terms in the plate height expression. 	These 
terms are related to the transfer of solute between the regions 
having different velocities, therefore they are often called 
the mass transfer or nonequilibrium terms. 
Noneguilibrium and Zone Spreading: 	The forward motion of 
a zone is due to the transport of solute by mobile phase; 
the zone velocity is proportional to the fraction of solute 
in the moving stream. 	At the front of the zone, there is 
excess solute in the mobile phase and thus increased velocity 
relative to equilibrium (see upper portion of Figure 10). 
To the rear zone, the concentration in the mobile phase is 
less than the equilibrium and thus a deficiency of moving 
solute leads to decrease the velocity. 	The zone is widened 
by this velocity divergence and the rate of widening increases 
.11  
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with the degree of nonequilibrium which depends on the rate 
of sorptive and desorptive exchange and velocity of migration. 
Derivation of Plate Height for Simple One-site Adsorption 
Kinetics: 	The simplest case of adsorption chromatography, 
in which adsbrption occurs on a uniform surface containing 
equivalent sites (one site surface) has been considered to 
the derivation of plate height for adsorption kinetics. Non- 
equilibrium is directly responsible for zone spreading, there-
fore the values of the equilibrium departure terms Cm  and e 
will be needed to derive expression for HETP. 	The equilibrium 
departure terms Cm  and e may be introduced by Equations 4.34 
and 4p35 respectively. 
C M  = c* (l + £ ) 	 4-34m 	m 	m 
	
C S 	c*(l + £ ) 	 4 .35 S S 	 S 






= cs c:=:s 	L.37 
where c and c are respectively the concentrations per unit 
column length in the mobile and stationary phases when full 
equilibrium is attained; Cm and e are fractional departure 
from equilibrium in mobile and stationary phases respectively. 
The overall concentration c = cm + c 5 and when there is 
complete equilibrium, then c = c + c* 
Addition of Equations 4p34 and  4-35 yields 
c + 0 = 0 + c* + ccC + c*e m 	5 	m 	5 	mm 	s  
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At equilibrium, we have 
* 	* 
c e + c € = 0 (balance of nonequilibrium) 	.38 
mm 55 
or * * 
€ = -Cc /c )€ = -e (R/1-H) 	 4.39s 	m s m 	m 
* * 	H since c /c m a - 1-H 




where s is the rate of increase in cm  due to mass transfer 





and ka  are first-order rate constants of reaction. 	At 
equilibrium conditions, the mass transfer rate goes to zero 
* 	* 
kdc S - k 	= 0 4. 42 
and at nonequilibrium conditions, the mass transfer is given as: 
= kdc4(l + e ) - 1< C * (1 + € 
	
5 	s 	am 	m 
o -kc kd*	 * 
* 
* = 	5 a m + k c € - k c € 	4 . 43 zero S 	 d s s 	a m m 
* 	* 
a = k c e - k c €4-44 m 	ds s dmm 
Elimination of €s  by Equation 4.39 yields 
= _c*(k + k )€ 	 4 . 45 m d 	a m 
The next step is to derive an expression relating mass 
transfer to flow and this can easily be obtained from the 
equation of mass transfer conservation (see section 3.3). 
The relevant form of the equation may be written as: 
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dc 	 dc m 	m m 
	
4-46 tj dt mass transfer + dt flow 
The mass transfer due to flow is given by 
dc Iii 	 Cm 
flow = -u 4.47 dt 
cm_  
- 	m 
— t__— m az 	 4.48 
or 	3c 	____ 
5 = 	+ u 
m t az 
If the conditions in the system are near equilibrium, then 
In 	m 
= 	+ u 3 	 4.50 
The c is a constant fraction H of the total solute concen-
tration c (c = Re) in a given region. 	The total concen- 
tration Cc = 0m + c 5 ) remains unchanged because the mass 
transfer affects the change in the component terms in such 
a manner that if it adds to cm then the same amount is sub- 
tracted from c and vice versa. 	Thus in a given region 
the value of c is only affected by the flow of mobile phase, 






Applying near equilibrium conditions, we have 
ac 	
Dc * 
u_m 	 2 
Replacing c by c
* 	* Cc = Re), we have 
M m 
Dc 
* 	 * Be 
m 4.53 
Bt 	2)z 
Rearranging Equations 4 .50 and 4.53, we get 
= -RU_+ u—i--- 
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Equating of Equations 4.45 and  4.54, gives 
* 
(1 - R)u m 
C =- 	 - k +k 	* 4.55 d 	a Cm 
The solute flux J swept out through the unit cross-section 
area of the column in a unit time is given by 
J = cu 
	 4.56 
The concentration c is used because only the mobile phase 
material will move through the cross-section. 	The substi- 
tution of value of cm  from Equation L.3Lh [Cm = c(l + 
yields, 
* 	* 	* 
Jcu+c euJ +AJ 	 14.57 
M mm 
where J represents the solute flux at equilibrium and AJ 
term is a measure of zone spreading. 	AJ is proportional to 
it is positive ahead of the zone and negative to the rear. 
Rearranging Equations 14.56 and 14.57, we have 
* 
L - (1 - R)u2 3L,  in 
+ k 	 14.58 
Since bc/z = H ja, this becomes 
	
- - H(l - R)u2 - 	 14.59 
- kd+ka 	az 
Relating LJ to diffusion process along a concentration 
gradient, we get 	 - 
AJ = -Dac/az 	 14.60 
where D is apparent diffusion coefficient. 	In chromato- 
graphy the value of D (chromatodiffusion coefficient) is 
given (118) by Equation 24.61 
D = R(1 - R)u2 	 14.61 
kd + k 
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The relation between D and H is obtained from Equation 4.4 
as follows:. 
02 




CY 2/L = 2D/uR 
H = 2D/Ru 
Rearrangement of Equations 4.61 and 4.63 yields 
H = 2(1 	R)u/(kd ± k) 
4.62 
4.63 
= 2R(1 - R)u . 	k 	= l/R 	4.64 
k 	'kd+ k a 
This equation is identical with Equation 4.13 derived from 
random walk theory. 
A general relation between H and em  can readily be 
obtained as follows: 
Rearrangement of Equations 4.57 and 4.60 yields 
* 
C m c mu 
D = The/az 	
4.65 
The substitution of D from Equation 4.63 gives 
* 
2c C mm_ 	(RC)€m 	*R 	4.66 11= 	- - 
2 
R(Bc/BzJ' c in 
az 
-2€ m 	 z = 3Lne/a 	4.67 H = d2nc/az 	eaz 
In this expression H may not be construed to mean that H is 
inversely proportional to 3Lnc/3z and independent of u. 
Derivation of H for Mass Transfer Through a Uniform Film by 
Diffusion: 	Diffusional mass transfer is very similar to 
the simple kinetics problem of sorption-desorption 	the 
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only difference is that in the former the concentration 
gradient is not uniform due to a finite depth of stationary 
phase (see Figure 11). 	Therefore, we shall consider local 
concentration in the stationary phase, c', may be written as 
of = c 
*1 
 (1 + c') 	 4.68 
where c 	is the local equilibrium concentration and 	local 
equilibrium departure term in stationary phase. 	The value 
of c 5 is given by 
* 1 - * (
Vol.
_total column volume 
- c5 ¼ 	of stat, phase in column 
Thus c *' >> c* 5 but c is not necessarily larger than e. The 
mean of the local departure term, T, is in fact equal to 
The balance of nonequilibrium is given by Equation 4.3 0 , 
that is 
* 
= € 	c * C 
	
S 	s mm//c s 
0 = -Rem/(l - H) 	4.69 
The rate of mass transfer giving concentration increase due 
to diffusion in a stationary phase is given by Ficks' second 
law of diffusion: 
2,
Do 
 s5' 	 .7O 
where x is the distance through the uniform film measured 
from its bottom. 	The first derivative of Equation 4.68 
yields 
3c.' 
5 - c Be '/ax 
S 
4. 71 
Since c 5  is constant. 
2, 
Do 
s. =c 2 	5 ax 
The second derivative is 
2 c / x2 4.72 
0.1 
Rearrangement of Equations 4-71 and 4.72 gives 
s' = D C
*' C 2 
a 13x2 ) 
	 4.73 
S 	55 	5 
In stationary phase, the increase in concentration is only 
affected by diffusion and flow effects are absent Hence 
the mass conservation equation is 
3c' 
S - 
at - Lk7'4 
Applying near equilibrium conditions, we have 
Rewriting Equation 4.52 
3c 	__ IF - -u 
4.75 
'4.52 
At equilibrium c 5 is proportional to c, thus by simple 
calculus, 
- c 	5 	 '4.76 
1F 	at 
C s 
and 	and c* are mutually proportional, therefore 
Øc m 
3z 




- 111 5 
- 	 '4.77az 
c 
S 















Equating of Equations 4.73 and 4.79.yields 
a.80 
* I D;j 	c 5 Bz 
Since the simple result du/u = dLnu holds for partial 
differential, therefore Equation 4.80 becomes 
2 
- 	Ru &nc5 	*1 	* 	*1 
2 - - Sc 
	




3nc 	- dLnc 
Since c 5 is proportional to c, therefore ,, - 
CS az 
and combining this to Equation 4.81 we get 
2 ac 
•s_ 	Ru d2nc 4.82 
ax2Ds 	3z 
The expression on the right hand side is constant, thus 
integration of Equation 4.82 is solved as follows: 
3€ I 	
Ru ?nc ) x + g 0 	 4.83 
where g0 is constant of integration 
	A second integration 
gives: 
- 	Ru aLnc x 
D 	3z )—±g 0x±g1 	
4.84 
91 is constant of integration for this integration. 	The 
values of g0 and g1 can be obtained through certain boundary 
conditions or in terms of boundary volumes (119) . 	In 
partition chromatography it is generally assumed that no solute 
diffuses through the stationary phase-solid interface (S-s) i.e., 
J(3_5 interface) = 0 
By first Fick's law, the outward flux may be given as 
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ac s 
J(g_3 interface) = - D5(&_o = 0 	4 .85 
From Equation 4.7l .we have 
I 
3€ 
-D c*I( 	3) 	= o 	 4 .85 5 5 ax X0 
and Cs  are real and finite, therefore 
9 
0€ 
3xxo = g 0 = 0 
The second boundary condition is based on the fact that solute 
in the interface between the uniform film and mobile phase is 
in equilibrium with the mobile phase and this condition is 
equivalent to the equation 
9 
€ = (e m 	s xd 
S 
when x = d 5 then Equation 4. 84 becomes 
Ru aznc _ 
sxd5 = m = 	F 	øx 	2 s - + 91 4p86 
S 
Substituting the value of g1 obtained from the above equation 
into Equation 4.84, we have 
1 Ru aLnc 	2 
€ = € + 
s 	m 	 3z 
(x - d) 	L.87 
Rewriting Equation 4.69 
= - R 	- R) 	 4.69 
—r 
The value of e is obtained as follows 
d5, 
e = / e dx/f dx 





Ru 3Lnc 	d 
C =C 4-89 s m 	 dz -i 
Rearrangement of Equations 4.69  and 489 goves 
Ru aLnc  e = 
Ds 	az 	3 
M Substituting the value of € m in Equation 4.67 (H = 
we have 
H=4Rl-R) 
d 2  u 
D 4.91  
The Equation 4.15 derived by random walk theory is differed 
from Equation 4.91 only by a numerical constant, otherwise 
forms of both the expressions are the same. 	This equation 
was also derived by Golay (26) but by a different method 
(see Section 3.4). 
4.3. Concept of Reduced Velocity and Reduced Plate Hei 
It is clearly shown in Figure 9 that at transition 
velocity (u1) the dispersion resulting from flow mechanism 
(Hf ) and diffusion mechanism (ED) are equal. 	The ratio of 
and Hf is given by Equation 4.32, that is 
HDWi 	du 
7f 271 4.32  
The dimensionless quantity dpU/Dm  in the above expression 
was known as early as 1959 but its importance was only 
realized in 1963 when it was named the reduced velocity, v, 
which may be pictured as twice the number of particles past 
which the mobile phase flows in the time taken for an average 
molecule to diffuse across one particle. 	The reduced 
70 
velocity is a measure of the transport rate of solute 
molecules by flow relative to the diffusion rate over a small 
particle diameter 
	It is defined by Equation L_.92 
du 
Dm 
	 11 	 4.92 
v may range typically from 01 to 100 in GC, and from 10-10 
in liquid chromatography although for any particular column 
it is difficult to achieve a range. greater than 10. 
The plate height, H was often compared to particle 
diameter and its minimum possible value was limited by d. 
Therefore the reduced plate height, h, was introduced which 
may be defined as 
h = H/dr (packed columns) 	 14.93 
h = H/dc (capillary columns) . 	 . . 	 14.914 
The measure of the overall column effectiveness can best be 
given by reduced plate height rather than the plate height 
itself. The main advantage of these reduced parameters is 
that the effectiveness of gas and liquid chromatography may 
be directly compared as discussed below. 
Comparison of Gas and Liquid Chromatography: 	The thermo- 
dynamics of gas liquid chromatography and liquid-liquid 
chromatography has been discussed in Chapter 2. 	On the basis 
of reduced plate height and reduced velocity, the kinetics of 
gas and liquid chromatography may be compared directly. 	Re- 
writing Equation 14.31 
H= E 1 	14.31 
1 	1 
- 112X id + Dm a /wd2 
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Conversion of the above expression into reduced form, yields 
1 
h = 1/2X ± 17w 1v 
This is the reduced form of the coupling equation. 	The 
contribution to H due to longitudinal diffusion in the mobile 
phase is given by Equation 4.8. 	That is 
H = 
	
4. 8  
Dividing both sides of the above equation by dp , we get 
It = 2y/v 	 4.96 
Combining Equations 1p95 and 4.96 gives 
obi1e = 2y/v + 1/2•X + 	 . 97 
The concept of reduced plate height and reduced velocity 
can also be applied to the classical expression; 	The 
classical plate height equation for mobile phase contribution 
may be written as (see Section 3.3) 
2yD 




and the reduced form, 
obi1e = 2X + 2y/v + WV; W = C/Dm 	4.99 
In the Equations 4p97 and 4p99 X, y and w are structural 
parameters, therefore the plots of h versus v should be 
identical for inert solutes in gas and liquid chromatography. 
Thus the value of It . at a v given should depend only on-the 
constants y, X and W I and not on the variables d and D. 
The plots will vary to some extent because of transcolumn 
effects and packing differences. 
The contribution to H due to longitudinal diffusion in 
72 
the stationary phase is given by Equation 4.10. 







=2y5D5y 	1 - R 
d (dpU/Dm)DmY 	R 
2y$ 5 	 (1 - 
h= 	; s = 	RyD 	
4.100 
'Ti 
The peak dispersion resulting from resistance to mass transfer ,  
in the stationary phase has already been discussed in 
Sectioi4.1 and 4.2 and may be given as: 
qR(1 - R)dU 
H = 	D 	
4.101 
5  
where q is a configurational factor 
and 	
H - qR(1 - R)d 	Udp •Dm 
- 	D5 
h = C S v 	 4.102 
d2 D qR(1-R)dD 	K  




2 ID d 	s 
5 p 
Rearranging Equations 4.97, 4.100 and 4.102, we get 
h 	Py 	
2y5
+c ,u + 
V 	5 	1/2k i ± i/w.v 	 4.103 
h 	•+ c;V 
+ 112X 	i/wv 	 4.104 
since P is very small as compared to other terms. 	The 
Equation 4.104 roughly gives reduced plate height for analytical 
columns at a particular value of v. 	The plots of h versus v 
should remain essentially the same for both GLC and LLC if 
q.K.d the ratio of C5u/d (C5 =  
[ 	] )is held the same. 
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44, Effect of Pressure in Chromatography 
The role of pressure drop across a column in 
determining performance and speed has long been recognized 
in chromatography. 	We (43) have recently elaborated the 
pivotal role of pressure for obtaining kinetic conditions 
for optimum speed and resolution in column chromatography. 
Giddings (75) and Littlewood (77) have elegantly discussed 
the effect of pressure on retention volume and plate height 
in gas chromatography. 	Their treatment is followed in 
this section. 
Owing to the compressibility of any gas the velocity 
and diffusion coefficient, plate height and possibly viscosity 
will vary over the length of the column. For an ideal gas 
the situation is somewhat simplified since the following 
relationships hold 
U P11 = '00 by the ideal gas law 
2) PzDz = POD  since the diffusion coefficient is inversely 
proportional to pressure 
= 	since the viscosity is independent of pressure 
With these assumptions relatively simple relationships 
can be derived but otherwise a computer treatment is 
necessary. 	 -. 
The Pressure at any point in the Column: 	The relation 
between the pressure gradient, dp/dZ and the linear velocity, 
u, in a column is given by Equation 4.105 
dp n 
- - 
dZ 	Tr 4.105 
where Tj is the viscosity of the mobile fluid, K' is a 
constant "Column Permeability" and Z is the distance from 
74 
C 
the column inlet. 	The volume flow rate, V, in the volumn 
and U are connected by Equation 
V = a mu 	
4.106 
where am = volume of the mobile fluid per unit length of 
the column. 
Rearranging Equations 4.105 and 4.106 
dp/dZ = - nv/iLcc. 	 4. 107 
flom Boyle's Law (p0v0 = P(z)v(z)) and Equation 4.107, we 
• 	
=[ 	
oo1 1 	 .105 
dZ 	K'am P (z) 
or 
= K" 	
K" = 	K'a 	 - 4.109 dZ 
Integration of Equation 4.109 yields 
= ___ + K" 	 110 
where K" is a constant of integration 
when P() = Pi' Z = 0 
(z) =p o ,Z = L 
Substituting these values in Equation 24.110 gives 
22 	
p2 P 0 - p ____ K" = 2L 	
' K" = - 2K" 	
24.111 
Rearranging Equations 24.110 and 24.111, we get 
Z 	i - 	(z) 
L 2 2 
p i -.p o 	- 
2 	2Z 2 	2 
(z) = i - ti po 	
24.112 
75 
This is the desired expression giving pressure, 
at any point in the column. 
Relation Between the Average and Outlet Column Pressure: 




4. 10 9 
[ dZ = f P( z )dZ 	 4. 11 3 
Substituting the value of dZ from Equation 4.109  yields 
P O 	 p 0 
4c" f P z )dP = r f P)dP 
Pi 	 .pi 
P O 	 p 0 
; f PZdP = I P (z) dp 	 4- 114  
Pi 	 pi 
Integration of the above expressions gives 
- 	2 	2., 
p(pi - p 0 i - (p - p) 
2 	- 	3 
- 2 (4-4) 
=-j:' 	2 	2 
(Pt - p o ) 
or 
P 
- 	2 	{i/o 	- 1 ] 
To 2 
(p1/p0) - 1 
T1 3- li 	
= 	 . 115 
= 	o• 2 - 1 
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Since u 0 = u 	, therefore
PO 
2 U3 - 1). 	= u/f2 	 .116 U0 = J 	2 -TT 
2 
where f2 = 1(' 	) is called the James-Martin pressure 2 u3 - 1 
correction factor. 
The Influence of Pressure Gradient on Plate Height: 	Any com- 
pressible mobile fluid packet within a column containing 
significant pressure gradient would physically expand as it 
passes dawn the column. 	The influence of decompression on 
the spreading of a zone is best seen by dividing the column 
into discrete regions. 	Considering that each region has 
a uniform pressure and velocity, p and u differing from 
those in the next region and the variance of the jth region 
is denoted by G. 	As the peak passes into (j + 1) region, 
its velocity is increased in the ratio of 	+ l over 
that in the jth region. 	The standard deviation, a, is 
caused by the same ratio, and increase in a 2 by 	 1 ) 2 . 
Because of the expansion of mobile fluid in each new region 
a similar increase in 	is found and at the column outlet
CT i is increased by (o..p./p 0 ) 2 . 
Mathematically it can be represented as: 
CT 
2 
= 	ap/p 0 	 L.117 
J 
and 
02 = HL = HL 
where H = H is local plate height (this follows since 
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ud 	u  
H. = f(v) and 'V - 	
p - ° p = v 0 ) and 	is the length of 
- ID - 
____Dm m 
the jth region. 	Thus 
= E H.(/ 0 ) 2 L 	 Lh.11B 
In the limit of infinitesimally small 	values 
= I H11 (p/p 0 ) 2 dZ 	. 119 
Experimental plate height, H, is defined from the 
chromatographic record by the Equation 4.120. 
= L() 2 . 	 4.120 
where a t 
 is standard deviation measured as time and t   is 
the retention time of the eluted peak in the same units. 
cit is analogous to a except having dimensions of time and 






where R is the ratio of zone velocity to the mobile phase 
velocity. 	The peak in the mobile phase moves with the 
velocity of mobile phase therefore, H is unity. 	Thus 
at =& 	 11.l22 i 




Hut o 	 Lb.l23 
Two cases arise. 	Firstly as shown above for an ideal gas - 
as carrier the contribution to the local plate height from 
processes in the mobile phase is constant over the length 
of the colunna. (This arises since h  can always be explained 
WI 
as a function of udp/Dm which is itself constant over the 
length of the column). 	Secondly the contribution from 
processes in the stationary phase follow the Equation 4.123 
and is not constant over the length of the column. 
11s(local) = C 5u 0p 0/p 
	
4. 124 
Case 1 mobile phase 
Equating Equations 4.119 and 4.123 we get 
flu2t2 	L 
o H = H f (p/p0)2dZ 
U 
HLJp2dZ 
P OU OtR 
When p = 	Z = L, and p = 
we get 
K'T = 2L 
4. 125 
then from Eqn. Lh.11O 
Substituting the value of K" in 4.109 yields, 
dZ 	
2Lpdp 
- p 0 





P C)  
]Ei= 
222 
(p - p2 ) • puotH 




P i  
2H  f p3dp 
A 	 P 0 
H_2 2 	2 P 
(p1 - p 0 
2H(p - p L ) 
H- 	





- -2 	 = p1/p 0 
(see Equation L1.115) 
u-i 
Substituting the value of 	in Equation 4.127 yields 
- p - ) 
2[j p0( 	
- 
112 - 1)1 2 (P - p) 
9 	(u - l) (TT 2 - 1) 
= H 
(u3 - 1) 2 	= H: f
1 	4.128 
9 	(u 	i)(72 - 1)  where 	B ( 3 	1) 2 
and H is a form of local f1 = -  
plate height in the mobile phase. 
Case 2 stationary phase 
Rewriting the Equation 4.124 
Hs (local)= C 5u 0 p 0/p 
Hut - 
L - C% p 0/p.dZ 	 4.129 
= c 5u 0 /p0.dp 
Integrating Equation 4.129 yields 
fi L  =C suof2 	 4p130 
Combining Equations 4.128 and 4.130 we get 
H = Hf1 + C 5u0 f2 
or 	
A 
=11 + C u (f/f1 ) 	 Lh.l31 m 	so 2  
A = [ A + 	+ CuJf + C U f (classical form) 1 	so2 
1B 
H = 	1/A. + 1/c 	
+ 1f1 + C u f (coupling form) so2 
I 	 Irli 
The reduced form of Equation 4.13 1  may be written as 
= h t  Cf2v/f1 m 	5 4.13
2 
where 	 d2 D 
C 8 	
(1+K)2 
[q K 4 
d 	5 
Methods for Isolating C Terms with Full Pressure Correction: 
The apparent (or measured) plate height, H, is given 
by Equation 4.131. 	That is 
= 	+ C 8u 6f21f1 
	
4. 131  
All theories of chromatography roughly agree that 	is a 
function of, first, the structural properties of the column 
and its support, and second, the parameter 
f = u/n 
where u 0 is the flow velocity of the mobile phase at column 
outlet and 	is the diffusion coefficient of solute in 
mobile fluid at column outlet. 	Equation 4.131 may be written 
as: 
= Hm(f") + C 5 f( f ) 	 . 1 3 
If H- /f1 is plotted against f, a different curve is obtained 
for each value of D. 	The spacing between the curves is 
proportional to the magnitude of the stationary phase term, 
05 (GLC) or 0k  (gas solid chromatography). 	
The value of 
is altered either using two different carrier gases or by 
varying column outlet pressure since diffusion is inversely 
proportional to pressure. 	The Equation 4.133 fbr two 
different values of D may be written as 
H 	 lm 




;1  () y = 	( f• *.) + C 	
lm 
s f2 y 	
L.l35 
In the above two expressions H. (f...) and f are the same, 
therefore 
	
f1 D 	f1D 
- 	






4.5. Summary of Applications to Chromatography 
From the random walk theory it was shown that the con-
tribution to H due to longitudinal diffusion is inversely 
proportion to flow velocity. 	This term will be abbreviated 
as B/u, where B is constant related to the diffusivity of 
solute. 	The contributions resulted from adsorption kinetics 
and diffusion controlled process in the stationary phase are 
IB 
proportional to the velocity; the former would be denoted 
by Oku and the latter by C 5u. 	The combination of Cku  and 
Cs  will be equated as Cu. 	Finally the contribution to H 
by coupling terms arising due to velocity inequalities in 
the mobile phase were found. 	Over a limited range some of 
these terms were constant, some proportional to velocity 
and the others were found to have the usual coupling transition 
between the former and the latter. 'The constant terms will 
be presented as A, velocity proportional terms by Cmu and the 
combination by Cu. 	The simplest form of the equation 
including all the effects may be written as: 
H=A++Cu+ 	i/A+1l/Cu 	4.137 
This equation is true for a limited range of velocities. 
For a broad range of velocities the above equation may be 
written as (since A is amalgamated in the coupling term 
at high velocities) 
H = B/u + Cu + 
or 
IP 	 2Yt)m 	2y 5D 5 (1-R) 
11= 	+ U 
	
H +Cu+  
1/A +1/Cu 	.138 
1 	 4.139 
l/2X l.d 'p + 
1  
Substituting the values of dimensionless variables into 
Equation 4.139, yields Equation 4. 140  
du 
h = H/dr . v 
= 	, 	
Q= CDm/d and 
Ps = ( 1 - H)Ys D s YDm 
h = 2Y + 
	
+ Qu + 1/2X 4-140 1/wv 
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The 	and WI 'S are structural parameters and their values 
have been given in Table L.l. 	y is an obstructive factor 
for diffusion in the mobile phase. 	The term 	and 
are dimensionless parameters but depend specifically on the 
rate and diffusion constant of the atationary phase. 	The 
first and the last terms in Equation L.lLO represents mobile 
phase contribution to the plate height. 	Thus 
bin 	
. 
obileV 	1/2X + l/WV 
LplLl 
A significant part of the plate S height is resulted by this 
expression (see Figure 12). 	In plotting a curve for total 
plate height in Figure 12 the values of y = 06, 0 = 0, 
£2 = 05 have been assumed. 	The magnitude and significance 
of the last term in Equation 4. 140 have been discussed in 
Section L..l, a little more is said below about the rest of 
the terms of Equation 4. 140 . 
The Term (2y/V): 	This term represents the contribution to 
II due to longitudinal diffusion in the stationary phase. 
Usually this is equated to zero since the rate of diffusion 
in the stationary phase is very small. 
The Tern (2y/V): 	This term gives contribution to, II due to 
partially obstructive longitudinal diffusion in the mobile 
phase. 	The value of y  varies from 05 to unity, but for a 
well designed column its value is WE. 	The second factor 	by 
which this term is influenced is the choice of mobile phase. 
For low molecular weight hydrocarbons, the values of this term 
equal to 0'2 to 0'5 cm. 2/sec. in H 2 and 005 to Ol cm. 2/sec. 
Lon 
in N2 have been reported (67). 	Littlewood (119) has 
pointed out that diffusion in the column connections to 
injector and detector should also be accounted for the 
contribution to this tern. 
The Tern Qv: 	The parameter Q , of great importance, is a 
mass transfer term, representing the finite rate of adsorption-
desorption in adsorption chromatography and finite rate of 
diffusion in stationary phase in partition chromatography. 
It may be given as: 
Q= ODp1/d 	 4. 142 
Generally the value of 	is less than unity, and therefore, 
C > d/D1 
	 4. 143 
fl'om the above expression two facts have been established 
(a) the value of C increases with the square of particle 
diameter and (b) the value of C decreases as diffusion rate 
in the mobile phase increases. 	Figure 12 illustrates that 
the gap between the mobile phase plate height and the mobile 
phase plus stationary plate height is much wider at high 
velocities. 	Thus, we must work out how large the stationary 
phase term may grow before it becomes excessive and destroys 
resolution. 	The reduction in C not only improves the 
efficiency of the column but also increases the speed of the 
analysis. 
C is equal to Ck + C; in partition chromatography, it is 
usually assumed that Ck = 0, therefore in Equation 4. 143, 
C may be replaced by C5 . Thus 
C s L d/Dm 
	 4. 144 
From random walk and non-equilibrium theories, C 5 is given 
C 5 = qH(l - H)d/D 5 	 4. 145 
The value of q is in the range of O'l to 1; a typical 
value is q = 025. 
Equating Equations 4.1414 and 4.145 and substituting the 
value of q = 0'25, we have 
025 R(l - R)d2/Dc d2  /D s s— p m 
or 
< [(D s/Dm)/025 Rd - H)] 2 
	4. 146 
This indicates that the ratio of stationary phase film 
thickness to the particle diameter should not be larger, in 
any case than a maximum value of expression on the right 
hand side. 	The value of the component 1/[025 R(l - R)] 
varies from L. to 20 and a typical value is 10. 	The 
Equation 4.146 becomes 
< 10 / D5/D 	 4. 147 
In GLC the ratio of diffusion coefficients, liquid to gas 
is about lO s , thus 
c 003 (gas chromatography) 
This gives us roughly the stationary phase film thickness 
to be used for the required system. 	In liquid chromato- 
graphy the ratio of D.to D may be the same order of 
magnitude, thus 
M. 
d5 /ct < 10 (liquid chromatography) 
Such value is never required, since the dimension of 
stationary phase are never larger than the particle diameter, 




EQUIPMENT AND PROCEDURE 
5.1 General Features of Chromatographic Equipment 
The essential features of gas and liquid chromatography 
apparatus shown in Figure 13 are very simple but a thorough 
understanding of the function of each component is necessary 
for the attainment of maximum system performance. 
The main components of the apparatus are:- 
A carrier supply; 
Equipment employed for providing a controlled flow of 
carrier; 
An injection system; 
Lj. Manometer or pressure gauge; 
The column and its thermostat; 
The detector; 
The apparatus for amplifying and recording detector 
signals. 
Carrier fluid is supplied from a pressurised source and 
passes to the column. 	Its flow is controlled by pressure 
regulators. 	The carrier then passes the injection point 
where it picks up sample tor analysis. 	The carrier along 
with the sample p asses into the thermostated column where 
the components of the mixture are separated. 	The carrier 
emerging from the column is split into two portions. 	The 
larger portion is either vented or passed through a trap 
where the separated components in the carrier can be collected 
for identification by means of nmr or mass spectroscopy or 
I.-.' 
[lAS] 
some other technique; the smaller portion goes to the 
detector which measures the instantaneous concentration of 
the eluted components present as impurities in the carrier. 
The differential detectors most commonly used provide an 
electrical sigpal which is proportional to the impurity 
concentration in the carrier. 	This signal is amplified and 
fed to a suitable recorder which draws out the finished 
chromatogram. 	The retention times and the peak widths of 
the separated components are obtained from the chromatogram. 
For the comparative study of peak dispersion in packed 
columns in LO and GC we have designed twin apparatuses which 
allow identical columns to be used for both GO and LO 
experiments. 	The properties and mechanism of the main 
elements of the present apparatus are described in detail 
below. 
5.2 The Liquid Chromatograph 
The apparatus for liquid chromatography is shown 
schematically in Figure lLh. 	De-aerated water was used as 
mobile phase and was driven through straight columns 100 to 
150 cm. in length at stabilized rates by means of a constant 
gas pressure in the water reservoir, which was maintained by 
a pressure regulator in series with the cartesian manostat. 
Flow rates between 5 Pl/min and 30 rnl/min of the eluant were 
obtained by using different pressures of gases (up to 2 atm.) 
and a series of thermostated capillaries (025 mm. diameter 
nylon) before the column. 	The columns were thermostated at 
250C by a water jacket. 	The column outlets were fitted into 
a standard brass ferrule as shown in Figure 22 and were closed 
with a fine wire gauze sealed to the end of the column 
by tA ldite' epoxy resin. 	Columns were packed dry with 
support materials by tapping endwise until no further 
settling occurred. 	After assembling the column in the 
apparatus, the air was dissolved out by de-aerated water. 
Samples of organic liquids (Od to 50 4) in water were in-
jected directly into the centre of the packings by a micro- 
syringe. 	Eluted materials were passed through the stream 
splitter unit shown in Figure 22 and were detected by the 
membrane flame ionization detector (121). 	The detector has 
a negligible dead volume and a time constant of about 
5 seconds. 	The output from the detector passed via a vibron 
electrometer to a 1 my. potentiometer recorder. 	Symmetrical 
peaks were obtained when the eluant velocities were less than 
03 cm/sec. 	The system gave a stable baseline over many 
hours. 
5.3 The Gas Chromatograph 
The general layout of the apparatus for gas chromatography 
is shown in •Figure 15. 	It was built with special attention 
to high speed elution and detection, since the attainment of 
comparable chromatographic conditions in gas and liquid 
chromatography using identical columns requires about 10 times 
higher elution speeds in the former. 	The pressure regulator 
and cartesian manostat were assembled in series for stabilizing 
column inlet pressure up to 120 p.s.i. 	A mercury manometer 
was used to measure pressures up to 30 p.s.i., and a Bourdon 
pressure gauge accurate to 2% for higher pressures. 	15 ill 
samples of hydrocarbons diluted by carrier gas were injected 
centrally into the column packing by a high speed 
pneumatically operated injection valve (details given below). 
The moment of injection and the subsequent chromatogram 
were recorded concurrently on a 	sec. potentiometer recorder 
and a high speed U.V. recorder (Honeywell 2106 Viscorder). 
Careful attention was paid to the elimination of extra column 
effects. 	In particular, to avoid dead volumes, the gas flow 
to the column was divided just before the injection unit so 
that 10% of the flow passed through the injector, and the 
remainder passed directly to the column. 	In this way the 
column head was continually flushed. 	The dead volume 
between th.e column outlet and detector jet was less than 15 41. 
Eluted bands were detected by the Beckman hydrogen flame 
detector. 	 - - 
5.4 Flow and Prethsure Control 	- 
In both the GO and LC apparatus the carrier flow was 
stabilized by maintaining a constant pressure at the column 
inlet. 	This was achieved by a Negretti and Zambra pressure 
regulator in series with an Edwards Cartesian Manostat. - 
The Negretti and Zambra pressure controller shown in 
Figure 16 maintains a steady pressure between the limits of 
12 p.s.i. below and 65 p.s.i. above normal atmospheric 
pressure. 	Over its whole range of operation pressure can 
be regulated to 002 mm. Hg approximately. 	For regulating 
pressures up to 65 p.s.i. a supply pressure between 100 and 
200 p.s.i. is required. 	The mechanism of regulation for 
pressures above atmospheric is shown in Figure 16 which is 
self explanatory. 
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Over long periods of time the pressure stabilized by 
this regulator tended to wander somewhat. 	Further stability 
was therefore achieved by a cartesian manostat (Edwards High 
Vacuum Limited). 	The maximum positive supply of pressure 
through this device is 65 p.s.i. 	It is based on the movement 
of a cartesian diver, a tube with a closed top, floating up-
right in a mercury seal with both the inside and outside of 
the tube communicating with the system to be controlled. 	If 
the pressure in the system rises the diver is depressed, 
opening the exhaust orifice so that evacuation can be re-
sumed, when the system pressure falls below the required 
pressure the diver is, lifted against the exhaust orifice to 
cease the evacuation. 	The cartesian manostat is shown in 
Figure 17. 
In LC for long duration runs, a slight variation in the 
column inlet pressure was observed due to the change in 
atmospheric pressure. 	In GC for short duration peaks 
(retention time c 1 sec.) when the column inlet pressure was 
thore than 60 p.s.i., a variation in the pressure drop occurred 
but was too small to observe on a Bourdon pressure gauge. 
An ultimate pressure stability of ± 2% of the total pressure 
drop at the worst was thereby achieved. 
5.5 Injectors 
The injection of samples (Od to 50 iii) of organic 
liquids into the liquid chromatography was by microsyringe. 
For injecting organic gaseous samples into the gas 
chromatography a Beckman GCL injection unit was used. 	This 
is shown in Figure 18 and is operated by the alternate 
application of pneumatic pressure to either side of the valve 
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diaphragm. In this work a pressure of 65 p.s.!. was 
applied to attain the optimal speed of injection. When 
air flows to one chamber of the actuator, the diaphragm 
and piston move the slider between the plates; and on the 
application of pneumatic pressure to the other chamber, the 
diaphragm and piston return the slider into the original 
position. The flow configurations for the "sample" and 
"injection" positions are shown in Figure 19. 	By using the 
groove in the slider as the sample volume 15 il can be 
injected reproducibly. 	In an alternative configuration an 
external sample loop can be used but was not employed in this 
work. 
5.6 Columns, Method of Coating and Deactivation 
The columns were straight pyrex or soda glass tubes 
100 to 150 cm. in length and 028 to 17 cm. in diameter. 
The capillary column was made of nylon. The column internal 
diameters were measured by a travelling microscope. 	The 
diameter of the capillary column was determined by filling 
the column with mercury and weighing it. 
An Y"infinite diameter" column was constructed as shown 
in Figure 20. 
Coating: The column supports were coated in the following 
way. 	The graded support, weighed accurately, was spread 
out in a large quickfit flask. 	The support was then covered 
completely with a solution, containing a calculated amount of 
the stationary phase in a volatile solvent. 	The volatile 
liquid was removed by means of a rotary evaporator, finally 
heating under vacuum. 	The coated support was reweighed to 
93 
check for loss of liquid phase in this operation. 	The 
loss was found to be negligible. 
Deactivation: The Ohromosorb & non-acid washed was immersed 
in hexamethyldisilazane and was exposed to a dosage of fifty 
megarads of gamma irradiation. 	The deactivated chromosorb 
was recovered by filtration, washing with petroleum ether, 
and vacuum drying. 	This method of deactivation of column 
support by radiation induced copolymerization was de-
veloped by Urone and Parcher (122) to reduce asymmetry in the 
eluted curves on firebrick columns. 
5.7 Packing Methods 
Though packing seems to be .a simple process yet it has 
an important influence on the efficiencies of the columns. 
To study the column efficiencies, packing was carried out in 
three different ways. 
A funnel was attached at the top end of the column 
by means of a rubber tube. 	Small portions of the packing 
were poured into the column and before the addition of sub-
sequent portions; the column was tapped endwise manually 
until no further settling occurred. 
The column was completely filled with packing and 
then tapped vertically until no further settling occurred. 
The remaining space was finally filled and the procedure 
repeated. 	This method of packing gave a little deterior- 
ation in the column performance. (See Section 7.2) 
Vacuum packing: the column was mounted perfectly 
vertical as shown in Figure 21. 	The packing was stored in 
an ampoule attached to the top end of the column. 	The 
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column and the ampoule were then evacuated to a pressure of 
3 x 10- 3 mm. Hg and the packing from the ampoule added into 
the column in small portions while the whole was tapped 
vertically. 	Considerable improvement in performance was 
achieved with spiall particles using this method of packing. 
(See chapter 9) 
5.8 Column Ou t l et Sy s t e 
A special feature of the twin apparatus is the facility 
to exchange columns from GO system to LO system without dis-
turbing the column packing. A common ferrule is attached to 
each column which fits into the stream splitter units of both 
the apparatus, and the exchangeability of columns from GO to 
LC is clearly shown in Figure 22. 
In liquid chromatography the stream splitter unit (see 
Figure 22) employed at the column outlet system is similar 
to the body of a membrane detector (121). 
The stream splitter unit used in the gas chromatography 
is a slightly modified form of the body of a membrane detector 
and is shown in Figure 22. 	Dimensions of the unit are 
adjusted to suit those of the column outlet diameters. 	It 
has a negligible dead volume. 	By adjusting the needle valve 
it is possible to pass dtimum flow to the detector. 	Thus 
at low column flow rates the complete sample is passed to the 
detector but at high flow rates an increasing proportion of 
the flow must be by-passed. 	To keep the time of passage 
from the column end to the detector to a minimum the largest 
flow rate of carrier to the detector which did not extinguish 
the flame was used. 
W 
5.9 Detectors 
In liquid chromatography the eluted bands were detected 
by a membrane detector (121) whose body is shown in 
Figure 22. 	The associated hydrogen flame ionization 
detector was made to the design of Desty (123). 
A GO4 hydrogen flame detector was used in the gas 
chromatography and is shown in Figure 23, which explains the 
detailed construction of the detector and the ignition 
system. 	The mechanism of response of the flame ionization 
detector has been discussed by Sternberg et al. .(124), on 
the basis of low work function of carbon. 	Briefly when the 
eluted materials in the column effluent enter the flame, 
they undergo a complex ionization that frees electrons and 
positive ions. 	One of the two electrodes as shown in 
Figure 24 is connected to a polarizing battery and the other 
to a high external resistance. 	Due to the electrical field 
between the electrodes, positive ions move toward cathode 
and negative ions towards anode. 	Thus a small current flows 
between the two electrodes and develops a potential across 
the high resistance. 	This potential is proportional to the 
number of carbon atoms passing per second through the flame 
and is measured by an electrometer. 
5.10 The Electronic Equipment 
Very high speed was required of the electronic equipment 
used to record signal from the detector or the GO equipment. 
A Beckman GOLL electrometer with a time constant less than 
10 m.sec. was therefore used coupled to a Honeywell DC 
amplifier model A20B and a Visicorder 2106. 	The amplifier 
is uniform in response regardless of polarity, whether 
returning to zero or rising to full scale. 	Short 
duration peaks were recorded on a Honeywell Visicorder 
Oscillograph model 2106 and long duration peaks were 
recorded on a * second potentiometer recorder. 	An external 
electronic timer and a microswitch on the injector were 
connected to a second galvanometer in the 2106 Visicorder 
which recorded the moment of injection and the timing marks 
set by the electronic timer. 	The Visicorder has selections 
of eight chart speeds with a maximum of 200 cm. sec. 1 and four 
timing intervals, the minimum being 001 second. 
The electronic system was thus able to record accurately 
peaks, above 30 m.sec. in total width and retention times down 
to about 02 sec. 	The connection of electronic equipment 
used in the gas cbromatograph are shown in Figure 15. 
5.11 Materials 
Nitrogen, Hydrogen, Helium, Air, Ethylene and Methane 
were obtained from B.O.C. cylinders; N-Butane and Iso-Butane 
were supplied by the Matheson Company. 
Cyclopentene, Cyclopentane Cyclohexane (Koch-Light 
Laboratories Ltd.), Iso-pentane (BDH), Analar Acetone, 
Methylene Chloride, Tetrahydrofuran and Acetophenone have 
been used to study the peak spreading in different columns. 
The solid supports were coated with Squalane CM &B)' using 
reagent grade CC1 1 	(M & B) as a solvent.' 
The packing materials were Glass Beads (English Glass 
Co.), Chromosorb 0 (John s-Menville), Controlled Surface 
Porosity Beads, CSP beads (given by the du Pont Co.) and 
Porasil (given by Waters Associates Ltd.). 	Particle diameters 
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for glass beads larger than 250 microns in diameter were 
determined by aligning beads in a groove and counting the 
number in a given length. 	The other sizes are the mean 
of the openings of the sieves supplied by Endecotts 
(Filters) Ltd., London. 	The majority of the experiments 
were performed on glass beads 480 microns in diameter. 
The standard deviation for the diameter of a single bead 
was 15 microns. 
CHAPTER 6 
CALCULATION OF RESULTS 
6.1 Pressure Corrections 
The pressure corrections are applicable to the 
chromatography in which a compressible mobile phase is 
employed e.g. gas chromatography and higher pressure liquid 
chromatography (p > 2000 p.s.1.). 
The outlet velocity, u0 , of the mobile phase has been 
evaluated from the time, tm recorded on the chart for an 
unretained peak, the length of a column, L, and the pressure 
correction, f2 , as given in Equation 6.1 
L 
= 	
.f2 (compressible mobile phase) 	 6.1 
For liquid chromatography, the above equation may be written 
as: 
U 0 =since the value of f2 for LC is very near to unity. tm 
The value of f2 for an ideal gas has been given in Section 2.1 
as in Equation 6.2 
f = 3 !1°3 
- 1] 	
6.2 
2 	2 - 1] 
P1 and p0 are easily measurable. 	The pressure correction 
to the mobile phase plate for an ideal gas has derived in 
Section 4.4 and is given below: 





6.2 Diffusion Coefficients 
Where no experimental value was available, the diffusion 
coefficients in gases were calculated by Equation 64 derived 
by Giddings et al. (125) 
100 x 10 3T 75 ( 1 /MA + 1/MB) 2 
DAB= 	 )'/3 + ( Bv)/1 	
64 
PI( 	v Aj 
where DAB = binary diffusion coefficient cm 2/sec. 
T = temperature, OK 
MA, MB = mol. wt., gram/mole 
v j = group, contributions to "diffusion volume", cm 
p = pressure, atm. 
Where experimental values were not available, those for 
liquids were calculated by the Wilke-Chang (126) equation. 
7 - 4 x 10-8, 
V 6 
where M1 = mol. wt. of the solvent, 
solute and p, an association factor 
polar solvents, water, methanol and 
1 
2 T 
- 	 6.5 
V2 molar volume of the 
whose values for non-
ethanol are respectively 
1, 2-6, 1-9 and 1-5. 	Many of the diffusion coefficients 
used in this work have been measured experimentally (see 
Chapter 8). 
6.3 Reduced Velocity 
The reduced velocity was obtained by Equation 6.6. 
That is 
ud 
\)= 	op 	 6.6 
D° m 
100 
L where u0 = uAv/f2 =tm.f2and 
* 
(at one atm. 
Dm 	
PO 
P O = outlet pressure in atm. 
L.d •p 
... v= 	 6.7 
t.r2.n;: 
For LC the f2 = 1 and Equation 6.7 nay be written as: 
L.d 
p 	 6.8 
1 1 tm JD2 
where D.is diffusion coefficient in the liquid mobile phase. 
All the quantities on the right hand side of Equations 6.7 
and 6.8 are measurable. 
6 -4 Reduced Plate Height 
Experimental reduced plate height is defined by 
Equation 6.9 	 - 
6.9 
where n, the experiment plate height is obtained from the 
recorder record, by Equation 6.10 
a 
II = 	 6.10 
R 
where at is the standard deviation of the eluted peak 
measured as a time and t11 is the elution time of the peak 
measured in the same •units. 	The standard deviation a has 
been calculated from three widths of a peak at different 
heights by drawing tangents to the peak at the points of 
inflection as shown in Figure 25. 
101 
= 2358 	a t = 288 and 
a t  
where w is the peak width at half maximum height/2,w is 
the peak width at maximum height/2718 and w o is the base 
peak width. 	The values of H calculated from three values 
of at  differed by less than 2%, confirming that symmetrical 
Gaussian peaks have been obtained. 	As shown in Section 4.4 
the experimental plate height is given 
I = Hf1 + 0 5u 0f2 	 6.11 
is the mobile phase contribution, and C 5 u the stationary 
phase contribution to the local plate height. 	For LC, f1 
and f2 are unity within experimental error, therefore 
ft = Hm + 0 3u 	u = u0 = L/tm  (liquid chromatography) 
The Equation 6.11 may be written in the reduced form as 
= h f 1 + C 5 f2 v 	 6.12 
• 




- 1; (see Reference 120) 6.13 
or a 	hra + 	 6 . 14 
where h is the reduced local plate height and the term 
fl/f1 is denoted by h in this thesis. 	Thus 
h = h + C 	(f2/f1 ) m 	5 6.15 
IOWA 
CHAPTER 7 
THE DISPERSION OF TJNSORBED PEAKS IN PACKED GAS 
CHROMATOGRAPHY COLUMN S 
Many authors have made experimental studies to 
measure efficiencies of packed gas chromatography columns 
for unretained solutes to close the gap between theory and 
experiment. 	The experimental data have been shown to fit 
to one of the forms of van Deemter. equation modified by 
Golay (26, 91), Jones (128), Giddings (30), Littlewood (llL) 
and Knox (116). 	Recently Huber (129) and Knox (112) have 
claimed to fit • their data to an equation of the form 7.1. 
1 	 7.1 
112  + l/Cn 
The former author has chosen the value n = 05 and the latter 
03 ± ad. 	Unfortunately Euation..7.1 has no theoretical 
basis. 
Equation 7.2 proposed by Giddings has a sound 
theoretical basis but the values of X i and w1 are not readily 
i 
h =+ E(l/2X. + l/w.v) 	7.2 
1 
predicted. 	It contains no explicit reference to trans- 
column effects, although one or more terms in the summation 
can, of course, be used to accommodate them, and the theory 
on which it is based takes no account of possible effects on 
the plate height due to turbulence. 
In view of the difficulty in predicting a correct and 
useful theoretical expression for h, it seems more reasonable 
at this state to use a general expression for h of the form 
7. 3P 
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h = 2Y + f(v,p...) 	 7.3 
where p is column to particle diameter ratio. 
It is believed that the increase in h usually 
observed when the value of p is increased is mainly due to 
trans-column effects imposed by fractionation of particles 
during packing. 	The problem of transcolumn effects, i.e. 
the velocity profiles generated due to uneven flow in packed 
columns may be treated by the nonequilibrium theory (30,130). 
Littlewood(llLi) has made an elegant attempt to obtain 
experimentally the forms of velocity profiles and has calcu- 
lated their effect on plate height. 	The general expression 
for such velocity profiles may be written as: 
u(x,y) = ur[l + b f(x,y)] 	7.4 
where (x,y) are co-ordinates measured from the centre of the 
column; u   is the velocity at a reference point in the cross-
section and b is a dimensionless constant indicating in a 
general way the magnitude of the unevenness of flow. 	Little- 
wood assumed that when the diameter of a column was expanded, 
the profile likewise expanded. 	He also assumed it to be 
radially symmetrical. Equation 7.4 may then be written as: 
u(x,y) 	= ur{l * b f 
((x,y))] 
7.5 
where R is the column radius. 	The contribution to plate 
height due to such profiles is then given by Equation 7.6 
or 7.7. 
H = Constant [flg b 2 H2 (b)IU 	7.6 
or 	 2[P h = Constant 
Y + 0.5 1V 	7.7 
lou 
Since D = YDm + 005 ud and g(b) is a weak function of b. 
The above expressions show that the plate height contribution 
should increase with the square of the column radius or 
column to particle diameter ratio, p. 
The nonequilibrium theory (30, 131) shows somewhat 
different results when applied to a column with a distinct 
wall layer (112). Equation 7.8 represents a hypothetical 
velocity profile for such a situation. 
-R/ad -R/ad 	.-x/ad x/ad 
f(x) = 1 + e 	(e 	 -e 	) 	7.8 
where a, the dimensionless scale factor, measures the effec-
tive thickness of the wall layer in particle diameters. 
Figure 35 illustrates the form of profile for different values 
of R/ad = p/2a. 
The velocity at any point on the cross section of a 
column is given by Equation 7.5 and the average velocity is 
determined from the equation: 
U = Ur + (bur/R) f f(x,y)dx 	 7.9 
The nonequilibrium factor, e, has been given by 7.10: 
Ve = (u  DaZ 
7.10 
where 5 is the concentration average over the cross-sectional 
area at a distance Z from the head of the column. 	qe is 
the Laplacian operator and is equal to - 	() for 
X ax DX 
columns with circular symmetry and (nc/ax ) for plane 
parallel walled columns. Integration of Equation 7.10 is 
105 
performed subject to the boundary conditions, which are 
çR cdx = 0 and 36 = 0 at x = 0. 	Substitution of Equation 
0 	 ax 
7.5 and 7.9 into 7.10 with subsequent integration for the 
plane parallel case leads to the value of C: 
- 	-p/2a •x/ad 	-x/ad 
3Lnc p 
€ = abdpur Daz [ade 	(e 	+ e 
2 
X  - e p /a
) + (1 e)	2 6a2d2 ) 7.11 
TRT ER 	 p 
-2R/ad 	-p/a 
since e 	= e 
The plate height contribution is given by Equation 7.12 
H 
-2 	 1' cudx 	7.12 
Hm = (Rü(anc/3Z) J 
The evaluation of H for the profile given by Equation 7.8 
leads to: 
(2R2 + 9Rad + 12a2d2Me- P/'a)2 - (16R2 
(ad ) 2  b  2 + 2La2d2 He- /'a)2 + (2R 2 -9Rad +12a2d2 ) - 
H 	 p 	 p 	pu 7.13 M - 	 3yD 
x 
R(1-b) +abd -  e(Rb+abd) 
Converting the above expression in terms of reduced parameters 
h, v and p = 2R/d 	we get 	 - 
4 2 + 9pa + 2 a 2 ) e /5 _(8p2 + 5a2) e /aj 
h = 2(ab)2 x 	+ (p
2 + 9pa + 2a2 ) 
[p(1-b) + 2ab - b(p + 2a)e_P/fl2 	
7.1 f 
In the above expression Dm = D/y. 	If D = D7± 0'05ud 
then v must be replaced by (VU + 005/y). 
At /a > 5, e_/a is effectively zero and the Equation 7.12 
reduces to 
h = . a2b2 
	2 [P - 9Pa + 24a 2 3 
'V 	 7.15 
3 	Y (p(1 -b) + 2ab)2 
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This is the desired expression which gives the plate height 
contribution of the transcolumn effect. 	Comparison of 7.7 
and 7.114 shows that while h depends strongly on p for 
Littlewood's profiles, the dependence is much weaker when a 
discrete wall layer exists of fixed thickness. 	For very 
high p Equation 7.15 predicts a constant value of h of 
(2a 2b2/3y)v. 	As shown later (Section 7.3) neither Equation 
7.7 nor 7.14 or 7.15 fit the experimental data on the 
dependence of h upon p, although the later equations give 
a somewhat better fit. 
It appears that present theories are unable to predict 
except qualitatively, the dependence of h upon V and •N 
In this research we have produced data both more 
extensive and more precise than that previously available in 
gas chromatography on the effect of column to particle 
diameter ratio. 	In these experiments we have determined 
the effect of p on plate height, p being changed both by 
altering the column diameter and the particle diameter, we 
have also investigated the peak spreading in an infinite 
diameter column which was constructed on the basis of the 
following reasoning. 
Radial dispersion in a packed column is characterized 
by a radial plate height which may be defined (121) as 
= aa/dz= a2 /L 	 7.16 
where G2  is the variance of the transverse Gaussian concen- 
tration profile which results from a point injection a distance 
Z upstream. 	The dependence of radial plate height upon 
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fluid velocity may be given within 50% by 
Hr  = 2y4/u + 015 
h = 2y1v + 0.15 	 7.17 
The first term arises from transverse molecular diffusion 
and the second from anastonosis or stream splitting. 	For 
a column of randomly packed spheres the above expression may 
be written as 
hr = 121v + 015; y = 0'6 	7.18 
If a sample injected centrally into a column does not touch 
the walls by the time it reaches the foot of the column, the 
column is effectively free from wall effects, particularly 
if only a central cut of the sample is taken for analysis. 





Rearrangement of Equations 7.17, 7.18 and 7.19 yields 
L 
 
[Pd c /& 92 + 2 *)] 	7.20 
In what follows we call columns which obey this equation 
"infinite diameter" columns. 	For typical experimental 
parameters used in this study V > 10, p = 84 and d0 = 4y05 cm., 
then from Equation 7.20, the column is effectively infinite 
in diameter when U C 80 cm. 
/ 
7.1 Experimental 
A number of glass circular columns 25 to 150 cm. in 
length and 02 to 17 cm in diameter were employed in this 
part of the work. The specifications of the columns used 
are given in Table 7.1. 	The columns 19, 20, 21 and 22 were 
constructed in the same way as the "infinite diameter" 
column (see Figure 20). 	For each column the following 
parameters were measured over a wide range of gas velocities: 
retention tine, peak widths at three different heights (see 
Chapter 6), inlet pressure and outlet pressure. 	These 
parameters were computed to obtain the values of log h and 
by V. 	The data obtained from column L is shown in 
Table 7.2 as a specimen and the data for other columns, which 
is too extensive to be included in this thesis, are in the 
keeping of the chemistry department, University of Edinburgh. 
7.2 Apparatus Performance, Packing Methods and their 
Reproducibility 
We believe that the contributions due to extra-column 
effects were insignificant in this work as extreme care was 
taken to eliminate these effects (see Section 5.2). However 
the data obtained from Columns 1 and 2 which are respectively 
100 and 25 cm. in-length are shown in Figure 26. 	The plate 
heights at high reduced velocities for both the columns are 
almost the same, suggesting that apparatus was capable of 
yielding true band widths. 
The absence of extra column contributions to peak 
width is further supported by the measurement of diffusion 
coefficient of n-butane into helium in an open nylon capillary 
TABLE 7.1. 
DETAILS OF COLUMNS USED IN STUDIES OF ONSORBED SOLUTES 
Carrier gas nitrogen; column temperature = 25 0 0. 
Supports: GB = Untreated glass beads; CSP = du Pont controlled surface porosity beads, 
tt zipax tT ; P = Water Associates "parasil"; CUR = Cbromosorb G. 	Diffusion coefficients 
	
of 	U and n - C4H10 into nitrogen employed are respectively 02297, 0164 and 
00960 cJ/sec. 
Column 	Column 	 Column 	Particle 
Number Length Support 	 Solute 	 Diameter, Diameter, 	p = dc/d 
cm. 	 dc cm. 	dP 	
p 
1 100. GB C 2  H 4 
0'496 484 10'2 
2 25 GB C 2H4 0496 484 102 
3 100 GB CH   and CH4 o6o8 474 128 
4 103 GB CH   and n - C 4H10 O'blO .480 127 
5 100 GB n - C4H10 0381 113 33*7 
6 102 CSP CH   and n - C4U10  0375 113 332 
7 100 P C 2H4 O'EOB 163 37 . 3 
8 100 GB C 2FI4 o6o8 163 37 . 3 
9 101 CUR 0114 and n - 041110 0576 235 24y5 
10 100 CUR 02 114 0608 250 24r3 
11 100 GB 02114 06o8 250 24y3 













Diameter, p = CM. 
, 	. 
13 100 GB C2H4  0717 460 14y9 
14 100. GB C 2ll 0785 L@O 16'4 
15 100 GB C 2H4 0906 480 189 
16 100 GB C 2  1106 480 2304 
17 100 GB C2E 0215 480 	. 4v48 
18 100 GB C 2 H 0329 484 68 	
H 
19 1465 GB C 2H 17 2135 7 . 9 
20 1475 GB .C 2 }I 17 1370 126 
21 1475 GB C 2H. 17 954  1782 
22 1475 GB C 2H 17 480 35*45 
23 613 GB C 2 ll 05 480 84y3 
TABLE 7.2 (Figure 30). 
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column (see Section 8.1 and Figure 43) which gave value as 
follows: 
Dm calculated 	D Exp. 	D. Exp. from 
from Equation 64 	from slope 	intercep. in 
in Fig. 43. Fig. 43. 
0325 cm2/sec. 	0322 cm2/sec. 	0 373 cm2/sec. 
The peaks obtained in this part of the work were furthermore 
highly symmetrical and Gaussian even at the highest velocities. 
To avoid confusion points are not included in some of the 
later figures given in this thesis. 
Fig. 27 illustrates the effect of different methods 
of packing. 	The data for the upper curve were obtained by 
packing the column by method (b) i.e. the column was filled 
with the packing material and only then tapped endwise until 
no further settling occurred. 	The resulting space was 
finally filled and the procedure repeated. 	The data for the 
lower curve in Figure 27 were obtained packing the column by 
method (a), adding the material into the column in small 
portions and tapping vertically after each addition until no 
further settling occurred. 	The lower column efficiency with 
packing method (b) may be due to segregation as the column was 
filled rapidly and possibly the air is displaced as uprising 
bubbles or slugs, instead of flowing past the falling 
particles or to inadequate compaction. 	Method (a) was 
accordingly used for packing column in all subsequent work. 
The data obtained by emptying the column and refilling 
it with the same material (glass beads, d = 0048O cm.) 
by the same method gave the same log h versus log v plot 
llLh 
within 2%. 	Reproducibility using different tubing and 
beads of supposedly the same size is shown by comparing 
data obtained from Columns 3 and Lh (Figure 28). 	The 
diameters of the columns are 0608 and 0610 cm. respectively, 
and the beads were different samples from the same batch. 
Column L was made up 18 months later than column 3. 
Figure 28 shows that packing may be reproduced within - 2% 
using the same batch of glass beads. 
7.3 Results and Discussion 
Unretained Solutes on Various Supports: Figure 29 shows the 
log'ithmic plots of reduced plate height versus reduced 
velocity for unsorbed peaks on columns 5, 6, 7, 8, 9, 10 and 
11. There is a significant increase in h as we go from 
larger to smaller particles at the same reduced velocity; 
this was also noted by Knox (116). 	The reduced plate, 
heights obtained from columns 9, 10 and 11 are lower than 
those from columns 5, 6, 7 and 8. Theoretically the small 
particles should have yielded the same h versus v curves as 
larger particles. 	This work suggests that the deterioration 
in the column performance is due to poorer packing of small 
particles (see Section 9.2 for further discussion). 	A 
similar effect was noted in LC by Knox and Parcher (112) 
For the comparison of column efficiencies on different 
supports, the column was packed with the particles of the 
same size. For porasil and chromosorb 0 both of which are 
•porous, h is slightly higher than for glass beads. This is 
probably due to the time required for diffusion of components 
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into and out of intra-particle pores which must contribute 
to peak spreading. 	The data for chroraosorb agree well 
with those of Sternberg and Poulson (107). 	The reduced 
plate heights obtained from CSP beads column are lower than 
those from simple glass beads. 	We believe that CSP beads 
pack better than glass beads due to their surface roughness. 
Evidence for Turbulence in Gas Chromatography: 	The 
logarithmic plots of reduced plate height against reduced 
velocity for Column 3 (solutes = CH)4 and C 2H4) and column 1 
(solutes = CH and n-CH10 ) are shown in Figure 30. 	The 
data obtained from 235 micron chromosorb column 9 for solutes 
methane and .n-butane are shown in Figure 31. 	For glass bead 
columns 3 and L the h versus V plots for methane, ethylene 
and n-butane separate even at low reduced velocities (v > 5) 
that for methane being the lower. 	This effect is less 
marked for chromosorb column 9 (see Figure 31). Theoretically 
these curves should be identical if dispersion of different 
solutes is a function only of reduced velocity. 	This 
difference can be attributed either to turbulence or in-
accuracy in the measurement at high velocities or possibly to 
incorrectly assumed diffusion coefficients, but since the 
diffusion coefficients employed in this work were measured 
experimentally by Knox and Mclaren (97) to the precision of 
1%; and since peak symmetry was excellent, turbulence is 
most likely to be responsible for this difference. 	Another 
characteristic feature of the results is the complete flatten-
ing of h versus V curves at v > 100 and the appearance of 
plate height maxima. 	This is undoubtedly due to turbulence- 
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induced effects as shown below. 
Giddings (135) has applied the nonequilibrium theory 
of chromatography to a model incorporating a variable degree 
of flow correlation and such a model also predicts maxima 
in hat a constant value of v ( 	10000). 	In the present 
experiments the maxima is occurred at the range 100 > v > 1000. 
However he has fitted the experimental data, qualitatively 
compiled by Borne, Mclaren and Knox (121) with two ad- 
justable parameters and concluded that it is difficult 
experimentally to separate the effect of turbulence from 
the effect of correlation. 
The onset of turbulence in packed beds is gradual and 
occurs at Reynold's numbers between 1 and 100 (133,134). 
The magnitude of turbulent effects is determined by the 
Reynold's number and velocity correlation effects are 
obtained by reduced velocity. 	The relative influence of 
coupling and turbulence, then, is measured by the ratio 
v/Re = fl/DmPm 	 7.21 
which is about 103  for liquids and unity for gases. 	The 
exact values of v/Re for CH 4' 021124 and n-C 14H10 into N2 are 
given in Table 7.3. 
TABLE 7.3 
Relation Between Reduced Velocity and Reynolds' Number 
System Viscosity, Diffusion Density v/Re 
c.g.s. units coefficient g./cc. 
sq. cm . /sec. 
OH 	in N 1 - 7 x 10 023 1-1 x 10 0737 
O H in N 1 - 7 x 10 01624 1.1 x 10 1.0 
n-CH10 in N2  1-7 x 10 00960 
1.1 x 10 1-6 
117 
These values show that onset of turbulence in packed columns 
occur at twice the reduced velocity with n-butane as solute 
as with methane when nitrogen is used as carrier gas. 	It 
is difficult to say at which point turbulence becomes 
significant but the relative values indicate this may occur 
at reduced values v > 5 and Re > 5 in gas and liquid 
chromatography. 	The less marked effect of turbulence in 
chromosorb column noted by us may be due to the dominant 
effect on h of the stagnant mobile phase within the particles. 
The characteristic features resulting from the onset 
of turbulence appears to be a downturn in the h versus v 
curve. 	This has been demonstrated by Halasz and walking (136). 
Recently, however, Giddings, in a private communication, has 
shown that on h versus V curves the maxima for GO occur at 
about Re = 1000 and the maxima for LC occur at about Re = 5. 
According to him the plate height maxima have different 
origin in GO and LO, the former related to turbulence and 
later to velocity correlation. 	He has concluded that 
turbulence does not have a major effect untilReynolds' number 
reach about 100. 	The h versus V curves obtained by Giddings 
have gradual flattening at the range 8 <.v < 100 which is in 
agreement with our data. 	The different curves for OH and 
n-OjH10 obtained by us support Giddings contention that 
turbulence rather than velocity correlation is the source 
of flattening h versus v curves at V < 100 in GO. 
Effect of Column to Particle Diameter Ratio on Plate Height: 
Figures 32 and 33 show the log h versus log V plots for 
different values of column to particle diameter ratio, p, 
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in which p was changed by changing the column diameter, the 
particle diameter being constant. 	The curves coincide at 
V >100 for p < 15 but when p exceeds 15 the curves become 
higher. 	The difference between the curves at 'V > 100 is 
small as compared to the difference in the transition region, 
< v <100. 	At low values of V below 05 all the 
curves fall on each other within experimental errors. 	This 
is in accord with theory which shows that plate height should 
be dominated by molecular diffusion in this range. 
In the region 1 < v c 100 the curves become higher with 
increasing P. 	The major difference appears at p between 15 
and 20. 	This difference is genuine because it was also 
observed even at v > 100. 	The results show that with beads 
of constant diameter there is rather little dependence of 
h upon p. 	The greatest variation is by a factor of two. 
This is in contrast with the predicted variations by 
Equations 7.7, 7.14 and 7.15. 
Our experiments indicate that plate height becomes in-
dependent of p when the values of p exceed 20 since the 
difference between the curves for p = 19 and p = 23 is 
negligible. 	This agrees qualitatively with theory developed 
for columns with a discrete wall layer. 	The asymptotic 
value of h obtained from Equation 7.15 is [2a 2b 2/3y(l - b) 2 ]V. 
This value is approached when p/a exceeds 20 suggesting 
that the effective wall layer is not more than one particle 
diameter thick. 
Another feature of the results is the flattening of the 
log h versus log v at different values of v and with 
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increasing p, the dependence of h upon V becomes less. 	A 
similar effect has been observed by Giddings (132) and by 
Sternberg and Poulson (107). 	The reason for such an 
effect is not clear, however a possible explanation is 
proposed. 	A poorer packing may be obtained with increasing 
column diameter (particle diameter being fixed) due to the 
formation of large cavities by segregation of particles and 
also due to wall effects which may increase the unevenness 
in the packing. 	In such a packing the effect of turbulence 
should be more important at lower velocities because of large 
cavities and strong fluctuations in velocity. 	The poor 
packing thus gives a large plate height at low reduced 
velocities but its dependence on V is less than that of a 
good packing because of the earlier onset of turbulent flow 
and is seen in Figure 32. 
At low values of p the geometry of the column packings 
may be important, since the log h against log v curve for 
P = 597 is lower than that for p = 4y48 . 	For p = 6 packing 
is likely to be highly irregular, whereas it should be very 
regular for p = 3, p = 9, p = 27 etc. 	Thus it is possible 
that the most irregular packings gives the optimum results. 
Figure 34 shows the log h versus log v curves for 
different values of p when p is changed by changing the 
diameter of the glass beads. (column diameter being constant). 
Again the curves are higher for higher value of p but the 
dependence is less marked. 	These results contrast with 
those obtained by Knox (116) for LC, but it is to be noted 
that the range of bead sizes used here were 0'5 to 2 mm. where 
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Knox used 0'05 to 05 mm. 	It is likely that poor packing 
of the very small beads was the main reason for the marked 
dependence of h upon p in the earlier work. 	The small 
dependence obtained here may have arisen partly because the 
columns studied here were constructed similar to "infinite 
diameter" column (see Figure 20) and the plate heights 
obtained with small particles were nearly free from trans- 
column effects. 	The other feature of the results is again 
flattening of curves at different values of v for, different 
values of p, but the effect is less marked. 	A similar 
effect has been observed by Sternberg and Poulson (107). 
This may be due to the increasing wall effects as particle 
diameter increases and the increasing role of turbulence 
which improves trans-channel and trans-column mixing. 
The effect of p upon h is summarised in Figure 36 
by plotting log h against log p at V = 50. 	The reduced 
plate height at v = 50 increases •insignificantly at p -c 15 
but rises rapidly between p = 15 and 20. 	The reason for 
this is not clear, however it is tempting to correlate 
this effect with the theory developed for trans-column effects. 
The dependence of h50 upon p, as calculated from Equation 7.14 
assuming a wall layer of 3 particle diameter at different 
values of the parameter b is shown in Figure 37. 	The plate 
height parameter has a maximum at p ± 2 and minimum around 
Beyond p = 5 the plate height increases continuously 
with p, but with ever decreasing slope. The current experi- 
ments have shown a sharp rise in h at 	p = 15. The 
correlation with theory is thus poor, the only area of 
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agreement being that for large value of p the plate height 
becomes independent of P. 
Data obtained from "infinite diameter" columns are 
shown in Figure 38, The curves for "infinite diameter" 
columns are essentially parallel to the curve for . a proper 
walled column, but the plate heights are smaller. 	This 
must be due to the absence of trans-column effects. 	In 
Figure 38 three curves have been shown for columns 3, 22 
and 23 respectively from the top to the bottom. 	For 
column 3 (p = 128) there is rapid trans-column equilibration, 
column 23 according to Equation 7.20 falls within the 
definition of an "infinite diameter" column whereas column 22 
only partially satisfies the conditions. 	Equation 7.20 
shows that an average solute molecule in column 22 makes 11 
excursions to the disturbed packing at v = 10 and 7 excursions 
at 'v = 50 before leaving the column. 	It is interesting 	to 
note that the curves for columns 22 and 23 converge with 
increasing velocities. 	It seems likely that this results 
from the gradually decreasing effect of the walls in column 
22 as the velocity increases. 
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CHAPTER 8 
SEPARATION OF H 2 AND H AND THEIR DEPENDENCE UPON IC 
Non-equilibrium in chromatography originates from 
slow mass transfer processes in the mobile phase, in the 
stationary phase, or across interfaces (e.g. liquid/gas, 
solid/gas or solid/liquid). Several attempts have been 
made to determine these various effects to the plate height. 
In principle the mobile phase and stationary phase 
contributions can be separated by changing the diffusion cc-
efficient of the solute in the mobile phase without changing 
the column capacity ratio, K. 	This is done experimentally 
either by altering the column operating pressure, or by 
changing the carrier gas (say N 2 and He). 
These experiments have shown that in general H and H 3 
depend upon K(= 	- R) 	The part of Hm  attributable 
exclusively to slow diffusion across flow lines can be 
obtained from the universal equation given, 8.1. 
H = Cm  u = (wd2 m 	 p/D)u = UJdp V 
	 8.1 
Giddings has shown that to a first approximation 
si 	070 (1- 0d5R); (for porous solids) 	8.2 
w 	0'62 (1 - 0y3R); (for nonporous solids) 	8.3 
The complete plate height contribution for the mobile phase 
contributions as shown above involves the complication of 
coupling of this process with flow mixing. 	According to the 
general combination law (137) for the various processes 
occurring at relatively simple unit of stationary phase; the 
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contribution to the plate height from the stationary phase 
may be obtained from Equation 8.5 
	




5 = E q.(V. 5 )R(l-R) 	 8.6 
where 
qi = configuration factor for unit j, 
V j = volume of unit j, 
Vs = total stationary phase volume, 
= depth of the unit j. 
For a uniform film thickness' of stationary phase the above 
expression reduces to 
qR(l -R)d 	=qK 	d5 8.6 Cs = 	 (1+K)2 
D5 
It is thus to be expected that the mobile phase contribution 
to H is a function of K which increases to a maximum as K 
increases (i.e. R 	;P O) while the stationary phase contri- 
bution is zero when K = 0 or K = 	(R = ' and H = 0) and a 
maximum when K = 10 (R = 0'5). 
The work of Perrett and Purnell (100) has indicated 
that for packed columns, containing a porous support, the 
dependence of C. upon K is less than theory demands. 
Littlewood (ll) has obtained the C 3 contributions experi-
mentally but he has not made any comment on the relationship 
between C 5 and K. 	He has obtained the values of C 5 , 05 and 
0'2 msec. for n-heptane in the same column having the same 
loading and same retention while increasing average d from 
013 to 021 mm. 	Whereas the C 3 values for n-methylheptane 
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solute have been shown almost the same (068 and 0'7 msec.). 
Recently Guichon and Landault (138) have made an elegant 
attempt to isolate C terms in packed capillary columns by 
gas chromatography. 	The work of these authors has shown 
a relationship between C 3 and K which is the reverse of that 
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Giddings (139,140) has made many attempts to test the theory 
using glass bead and chromosorb columns. 	He has obtained 
experimental values of C 5 much larger than the calculated 
values with glass bead columns C 5 (exptlj/C 5 (calcd.) = 1 to 
226 and for chromosorb columns this ratio varies from 0'9 
to 100. 
The present work was undertaken to isolate the C 5 term 
by the technique discussed in Section 4.4. 	We have also 
studied the effect of retention on h. 	The retention was 
varied by increasing the % loading of squalane on 235 micron 
standard or deactivated chromosorb and by varying the column 
temperature. 	We have produced data which has covered a 
wide range of mobile phase velocities (ü = 2 to 140 cm./sec.). 
This contrasts with the work of the previous authors. 
8.1 Experimental 
In this part of the work, a glass column 100 cm. long 
and o608 cm. in diameter was employed. 	The packing 
material was cbromosorb G (standard and deactivated) with 
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average particle diameter 235 micron. 	The method of de- 
activation has been given in Section 5.6. 	Chromosorb was 
coated with squalane (w/w) using CCl as solvent (see 
Section 5.6). 	A plot of column capacity ratio, K, versus 
percentage loading of squalane (w/w) gave a good straight 
line (see Figure 39), confirming that surface adsorption 
(either at the gas/liquid or the solid/liquid) was absent. 
The same technique was applied to coat glass beads but 
unfortunately the peaks obtained even at very low loading 
(> 001%) were badly tailed. 	This may be due t9 poor 
geometry of pools of stationary phase at contact points. 
Hishta and Bomstein (lLjl) have also observed tailing on 
coated glass bead columns and the asymmetry values calculated 
from Nogare's (1242) equation were 082 to 1 '43 for loadings 
between OOlLh to oi% (w/w). 	Giddings has not reported such 
trends although he has done considerable work with coated 
glass bead columns. 	It is clearly desirable to devise 
techniques whereby glass beads can be more uniformly coated 
so as to avoid accumulation of stationary phase at the points 
of contact. 	In this thesis the data is given only for 
coated CSP beads and chromosorb. 
Some asymmetry was noted with retained peaks on loaded 
chromosorb columns (> 2%), but this was apparently due to non-
ideality within the column since narrower unretained peaks 
on the same columns were symmetrical. 	This asymmetry was 
particularly noticeable when K was near unity and when straight 
chain alkanes were used. 	Cyclic hydroparbons such ascyclo- 
hexane and cyclopentane gave more symmetrical peaks than 
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corresponding straight chain alkanes. 	Hishtar and Bomstein 
(1)4) have obtained different asymmetry values for different 
solutes. 	The reason for this is not clear. 	Mother 
feature of the present data was that with increasing velocity 
of mobile phase peak asymmetry was also increased, and - the 
maximum asymmetry value calculated was 118 at ü = 120 cm./sec. 
Again this asymmetry was not observed with unretained peaks. 
Figure 40 shows the relationship between asymmetry and average 
mobile phase velocity. 	Generally asymmetries were less than 
105. 	Where peaks had asymmetries between 1'05 and 120, 
the plate height was calculated from the leading part of the 
peak except for those plotted in Fig. 46 
C. values were calculated from Equation 4.136, that is 
(Alf 1 ) .  
C s = 
	
4.136 .l  
f 1D 
f2 
The values of f ( u 0/D) were varied by using N 2 and He 
as carrier gases and also by increasing the column outlet 
pressure by means of a fine needle value (Nupro) with 
negligible dead volume which was inserted between the column 
outlet unit (Figure 22) and detector. 	With this system, 
there was no indication of any contribution to plate height 
from stationary phase (see Figure )4) on a column containing 
standard chromosorb loaded with 6% squalane when the column 
outlet pressure was increased; nitrogen was used as carrier 
gas and K = 36. 	After these experiments were conducted, it 
was found that the column outlet unit had three tines higher 
dead volume than had been supposed. 	For subsequent experi- 
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ments the stream splitter unit, used for studying the 
dispersion of unsorbed peaks was employed. 	The dead 
volume of this system was less than 20'l. 	Furthermore 
deactivated chromosorb was used to measure C. values. 
Apparatus performance was checked by measuring the contribution 
to plate height from sorption kinetics, Ck, for a column 
packed with uncoated beads. 	The experimental value of Ck 
was found to be negligible (Figure 42); this agrees with 
theory which predicts a value of less than 10_b second for 
uniform solid surfaces. 
The experimental value of the mobile phase contribution 
to the plate height was obtained from Equation 4.131 , that is 
= ( - c5ü)/f1 	 4.131 
and 
h = H/dp 	 8.7 
The Experimental Measurement of Diffusion Coefficients: 
The diffusion coefficients required to determine reduced 
velocities were determined by Taylor's (71) method using 
19663 mm. diameter bore nylon tubing. 	According \ tO 
Taylor's equation the plate of an unsorbed solute eluted 
from an empty tube is: 
H = 2Dm/u + r2u/24Dm 	 8.8 
or 
Eu = 2Dm + (r2/2LIDm )u2 	8.9 
The plot of Ru0  against u should yield a strait line with 
intercept = 2Dm and slope = r2/2LIDm. 	The plots of Ru 0 
against u, shown in Figures 43 and 44 for the detqrminatiOn 
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of diffusion coefficients of n-butane and cyclohexane 
into helium were good straight lines and the Dm  obtained 
are given in Table 8.1. 
Table 8.1 
erimental and Theoretical Values of Diffusion 
Coefficients 
T =25°C; P 0 = 76 cm. Hg. 
From 	From 	Calculated 
Slope Intercept from Eqn. 6..4 
D of n-butan into 
m helium (cm /sec.) 	0'342 	0'3740 	03245 
D. cyclohexane into 
helium (cm /sec.) 	0274 	03730 	0'2937 
There seems some experimental error in the determination 
of the diffusion coefficient of cyclohexane into helium from 
the intercept. 	However ± 10% variations in the diffusion 
coefficient keeping all other parameters constant has 
negligible effect on C 3 values (< ± 3%). We have accordingly 
adopted the following values of diffusion coefficients (in 
cm. 2 sec .il ) into N2 at 25 °C, isobutane, 00905; n-butane, 
00960; cyclohexane, 00804; isopentane 00778. 	The 
diffusion coefficients of n-butane and cyclohexane into 
helium are taken as 032 and 0'27 cm2 /sec. at 25 0 C. 
8.2 Results and Discussion 
Effect of Retention upon h (the total reduced plate height): 
Figures 45, 46 and 47 show the log h versus log v curves for 
different values of K on 235 micron chromosorb G. 	The 
values of K, for the plate height data shown in Figure 45 
129 
were increased by increasing the % loading of squalane 
on cbromosorb and also using different solutes. 	with 
increasing retention, the curves become higher from curve 1 
to 9. 	There is a marked difference between the curves (1 to 
L) when K is increased from 0 to 146,  but little difference 
when K is increased from 1*6 to 148 (curves L to 9). Curve 6 
lies highest, although the value of K = 1-38. 	This is due 
to the contribution from stationary phase in the 6% loaded 
column. 	The data shown in Figures 46 and 47 where the values 
of K were varied by changing the column temperature are in 
a good agreement with the results of Figure 45. 	The present 
data establishes that the value of h for a given v rises 
rapidly with K at low values of K but less rapidly when K 
exceeds unity. 	This dependence is illustrated in Figure 63. 
There is a roughly linear relationship between log h and 
K/(l + K). 	This is in only rough qualitative agreement with 
the theoretical predictions (30) that h should increase 
linearly with K/(l + K) when the main contribution arises 
from the mobile phase. 	The dependence of b,m  and h5 
individually upon K is treated below. 
Comparison of Experimental and Theoretical values of C Term: 
The experimental and theoretical values of C 3 at different 
values of K are given in Table 8.2. 	The' plate height data 
for the determination of C are shown in Figures 48, 49, 50, 
51 and 52. 	The typical computer results for C. and h m 
obtained from the data shown in Figure 49 are given in 
Tables 8.3 and 8.4. 	The data and the results from other 
figures are in the keeping of the Chemistry Department. 
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Table 8.2 
Experimental and Theoretical Values of C. on 235 Micron 









p 0 . 
msec. 
Exptl. 	C 3 
obtained 
by using 
N2 and He 
msec. 
Theoretical 





hexane 0.285 16 Negligible - - 
Cyclo- 
hexane 1 6 0194 - - 
N-butane 6 095 LyOl 398 4y50 
N-butane 6 135 5'56 
Cyclo- 
hexane 6 2736 3' 14 274 061 
Cy cia - 
hexane 6 295 - 274 057 
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Table 8.3 
Typical Computer Results for Experimental C and hm values 
obtained from Figure 49 
Support = 235 micron chromosorb; Stationary phase = 6% 
squalane; Solute = N-butane; K = 095. 






Log v Log h  
339 326 4y3338 -00987 0 *0 99 
45.6 4 - 30 43056 00300 03780 
58-5 5 - 44 47391 0d382 0325 1 
730 668 4y9040 023L14 0'2904 
85•5 768 4v6063 03030 03329 
991 876 4r5657 0'3671 03510 
124'9 1070 4r2496 0 45 7 6 03989 
1 3 8 •4 1167 4v0948 05122 04293 
1585 1 3' 1 0 39298 05711 04435 
1 94 3 1548 37597 06595 05328 
2 34v 0 1794 38160 07403 0'5700 
2886 21-00 38739 08 314 05927 
3506 2 4y 1 9 35607 09159 06674 
4368 28d7 38018 1011t 06916 
5632 3320 4y0260 1'1217 07254 
595.9 37'87 34898 12155 08143 
8683 3'06 35678 13098 08333 
10368 17'39 36308 13558 0876.9 
13179 53 . 73 37530 14910 09174 
15398 5787 37466 15586 09533 
1716•0 6085 34392 16056 10147 
Average value of C. = 4-0100 
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Table 8.4  
Typical Computer Results for Experimental C. and hth  values 
obtained from Figure 49 
Support = 235 micron chromosorb; stationary phase = 6% 
squalane; Solute = N-butane; K = 095. 
(C was determined by using N 2 and He as carriers). 
u 	 C 	Logy 	Log  
cm. 	 cm./sec. 	msec. 
369 1091 .7977 -00619 03518 
426 1231 446)9 00005 0 411 7 
496 1392 4r4144 oo666 03722 
590 1589 48356 0d419 0'3210 
712 18)4.0 4r7625 02236 03021 
84y7 21'02 1y7519 02990 03189 
1072 24y92 4y1018 0d4013 0'3916 
132'E 2897 37767 04936 0d547 
16 4y 0  33*5 37278 05859 05o69 
211.8 3958 3'9611 06970 0'5346 
2606 1510 3'8373 07871 05812 
323d 51*6 36557 o8804 06461 
4186 6001 33650 09929 07155 
521-5 6503 33703 1O883 0'7534  
7151 8063 3-5625 12255 07862 
8919 9031 37170 13214 0'8152 
10782 9976 36350 14038 0•8872 
12615 10763 36469 1- 4720 09171 
14191 ilLyll 36821 15231 09422 
1614y7 12096 3'5982 1 - 5792 09799 
Average value of C 	= 398 
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Some decrease in Cs  was observed at high mobile phase 
velocities; 	This decrease was less at large values of K 
and in low loaded columns. 	The same trend was noted for 
peak asymmetry. 	This may be due to the non ideality of 
the processes occurring in the column at high velocities. 
Theoretical estimation of C. may be obtained from 
Equation 8.10. 	That is 
d2 
K 	 s 	___ 
q (1+K)2 	
Rl±K 	9.10 =  
The approximate value of d 5 can be calculated from Equation 
4.146. 	Giddings (10) has obtained d = 27 x 10 sq. cm . 
for 5% DNP on 60-80 mesh chromosorb w experimentally. The 
column studied here contained 6% squalane on 235 micron 
chromosorb G. 	substituting the values d2 = 27 x 10_a sq.cm ., 
	
= 10_b cm. 2 /sec. and q = 	in Equation 8,10 we get 
C = LB [_K 	1 10-2  
(1 + K) 2 
8.11 
There is an agreement between the calculated and experimental 
C 3 values at K near unity. 	At large values of K the 
Experimental C 5 values are much bigger than the predicted 
ones. 	Giddings (lLiO) has obtained this discrepancy even at 
low values of K in his work. 	He has given many reasons 
for this. 	The C 5 term is excessively large in supports where 
certain regions contain stationary phase merged into contin- 
uous units. 	This factor has negligible influence on C 
when chromosorb 0 was employed as solid phase. 	The other 
kinetic effects, e.g. adsorption and interfacial tension, 
which may contribute to H 5 are insignificant since the 
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investigation (143, 11.4, 1145) of these factors, suggests 
that they make a negligible contribution to plate height. 
For the present column (6% squalane on cbromosorb), the 
stationary phase plate height may be given by Equation 8.12. 
d2 
H = 	
K 	 +2 [K/(1+K)]2 8.12 
S 	3 (1+K) 2 c 	ms 
Giddings (83) has town that a typical value kms = 5 x lO x a, 
where a is sticking coefficient. 	For our system a would 
have to be about lO 	to produce a significant contribution 
to H. 	such a value seems most unlikely for an alkane on 
squalane. 	There thus remains a serious discrepancy between 
theory and experiment which seems beyond experimental error. 
Effect of K upon tim: Figure 53 shows the log h versus log v 
curves for different values of K. 	The effect of K on h 
has been summarised in Figures SLh and 55 by plotting log hm 
versus log K and h  versus K at constant value of \) = 50. 
The mobile phase plate height rises rapidly at low values of 
K and becomes almost independent of K when K exceeds unity. 
This is in qualitative agreement with theory. 
Thermodynamic Effects on Solute Retention: 	Figure 56 shows 
the effect of column inlet, outlet pressures and carrier gas 
for different solutes on column capacity ratio, K. 	The 
average values of K, usually over twenty five runs obtained 
by increasing column inlet pressure, by decreasing outlet 




Variation in K due to Thermodynamic Effects 
Carrier % of Column Outlet Average 
Gas Squalane Pressure Solute value 
(w/w) atm. of K 
N2 O'285 —8 to 2 Cyclohexane 1'527 
IT TI ,.,l 
TI 161 
1 - —8 to 2 fl 5.8 
IT IT —1 IT 6c18 
6 -'8 to 3 N-Butane 0934 
II TI —1 0978 
He —1 
II 0996 
N2 —8 to 3 1'3O8 
II II —1 II 1377 
He TI —1 1397 
N2 —8 to 3 Cyclohexane 256 
TI —1 2796 
He —1 2853 
With increasing column inlet pressure, K decreases. 
This decrease is marked at low pressures. 	The decrease in 
K is least when helium is used as carrier gas. 	The 
results show that retention is increased by 2% when nitrogen 
is replaced by helium. 	These results for the effect of 
column pressure and carrier gas are in agreement with the 
data given by Dety et al. ( 146 ) who have explained these 
effects on the basis of gas phase interactions. 
There was a much smaller effect upon K when column 
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outlet pressure was lowered from 8 atm. to 3 atm, while 
column inlet pressure was held constant (a5 atm). The 
other feature of these results is the decrease in K by 5 
to 9% when column was operated at higher outlet pressures. 




ViY2 P2  (1 + RT 
(symbols are given in Appendix 1). 
The decrease in K due to osmotic pressure, ir, may be 
obtained from the above expression. 	Calculations have 
shown that K should be decreased about 35% when cyclohexane 
is used as solute at it 	8 atm. but the decrease in K is 
roughly 8% for cyclohexane and 5% for n-butane. 	Some other 
factor is therefore important. 	The other factors which may 
have effect upon K are 
The solubility of carrier gas in squalane. 
Heating effects due to viscous and a turbulent flow 
resistance which increase the temperature of the 
centre of the column. 	Such effects will become larger 
as the pressure drop increases. 
Considering Figure 56 in more detail, 
(a) At low pressure drops effect 2 is not important since 
flow speed is low. 	Points corresponding to this condition 
are on the left hand side of the diagram (irrespective of 
whether p 0 or p1 is being varied). The upper points refer 
to 	'-'1 atm. and the lower points to 5 atm. 
Since the decrease for cyclohexane is —8% and for 
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n-butane 5%, and since the osmotic effect (i.e. change in 
K due to pressure of an insoluble gas) is —3% the remainder 
must be due to solution effects. 
The curves for N2 lie below those for He when p i is 
varied. 	This is in accord with the higher solubility of N 2 
than of He. 	For both carrier gases there thus appears to 
be some effect due either to solution of carrier in squalane 
or intermolecular forces in the gas phase. 
The curves where p 0 is varied (N2 carrier) are less 
steep than those where p i is varied. This may be explained 
qualitatively on the basis that the osmotic and solubility 
effects have the reverse effect on K to the heating effects 
since the former will lower K at high pressures and low 
velocities whereas the latter lower K at high flow rates 
which correspond to lower average column pressures. 
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CHAPTER 9 
COMPARISON OF GAS MID LIQUID CHROMATOGRAPHY 
Karr, Childers and Warner (147) indicated that if LC 
is used under operating conditions fully analogous to those 
for GO, much the same can be accomplished in analysis. These 
authors made no reference to theory. 	In a later publication 
Giddings (151) described the common link between GO and LC 
on the basis of reduced parameters. 	This has been discussed 
in Section 4.3, however the kinetics of GO and LC may be 
compared directly if the plate heights and linear mobile 
phase velocities are measured in terms of reduced quantities. 
Reduced plate height, Ii = I/dp 9.1 
Reduced fluid velocity V = u0dp/D 9.2 
The comparative studies of GO and La have been made on 
this basis by Knox et al. (121) for unsorbed solutes on 
glass bead columns. 	The latter authors have covered a wide 
range of reduced mobile phase velocities in LC (vZ 10 to 
io) but the range of v (05 to 10) in GO was very small. 
For the attainment of comparable chromatographic conditions 
in gas and liquid chromatography, it is required to obtain 
about 105 times higher elution speeds in the former. 	In 
the current experiments, the ratio between the highest elution 
speed in GO and the slowest speed in LO was always greater 
than 10. 	This contrasts with the previous work. 	We have 
utilized a variety of columns with different supports. 	The 
work has also been extended for sorbed solutes. 	Recently 
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Giddings (132) has made a complementary study to this work 
covering a wide range of reduced velocities both in GO and 
LO. 	His results are in good agreement with our results in 
gas chromatography. 	In LO, he obtained three tines larger. 
h than the reduced plate height obtained in the current 
experiments, however the slopes of the 	versus v curves 
are essentially the same. 
9.1 Experimental 
The experimental conditions for gas chromatography have 
been discussed in Sections 7.1 and 8.1. Identical columns 
were used to study the plate efficiencies in liquid chromato-
graphy. 	Mostly the columns were transferred from GO to LO 
without disturbing the packing (see Figure 22) to obtain 
plate height data for comparing the efficiencies of both the 
systems.. The diffusion coefficient of acetone into water 
employed was 1-15 x lO 	cm. 2/sec. 	This has been determined 
experimentally by Knox and Parcher (112). 	The diffusion 
coefficients of methylene chloride, tetrahydrofuran and 
acetophenone into water were calculated from Equation 6.5. 
9.2 Results and Discussion 
etained Solutes on ORB G, OSP Beads and GB: Figure 57 
shows the logarithmic plots of reduced plate height against 
reduced velocity for unretained solutes on columns 
containing chromosorb G and CSP beads. 	The small scatter 
of the points indicates the high quality of the data. 	The 
figure shows excellent correlation between GO and La on 
ORB G. 	We believe that the somewhat lower gradient of the 
curve obtained for GO results from the onset of turbulence 
1L!O 
in GO at quite low reduced velocities. 	This is expected 
to lower h•by improving mass transfer in the mobile phase. 
Unfortunately for OSP beads the correlation is less 
good. 	The reduced plate height is considerably lower in 
LO than in GO at the same reduced velocity. 	The same 
effect is observed with small glass beads (see Figure 55). 
The curves for LO and GO appear to be roughly parallel, but 
those for LO may be as much as 02 log units below those for 
GO at the same value of reduced velocity. 	The difference 
appears to be least for larger particles but is always present 
as is shown in Figure 55. 	On the other hand "infinite 
diameter" columns containing glass beads of average diameter 
00480 cm. have given excellent correlation between GO and 
LO (see Figure 58). 	So far no reasonable explanation has 
been forthcoming. 	It is not associated with the order in 
which GO and LO experiments are done. 	The equipment has 
yielded excellent symmetrical peaks at the highest reduced 
velocities reported here for GO. 
Figure 59 shows the effect of p on h in GO and LO. 
There is rather little dependence of h upon p. 	The greatest 
variation is by a factor of two. 	The important feature of 
the results is the marked change in h in GO at p Z 15 and in 
LO at p 	7. 	The predicted values of h50 versus p has been 
shown in Figure 37. There is not even qualitative agreement 
between theory and experiment. 	Knox and Parcher (112) have 
rationalized this marked change in h assuming that the walls 
impose their structure on about four layers of beads in 
contact with walls 	Therefore, the column may be regarded 
lL 
as being made up of a central core, whose structure is that 
of random bed, surrounded by a layer of three particle 
diameters in which the packing structure is markedly different. 
Columns with p < 6 are composed almost entirely of the wall 
layer, while those with p > 8 contain both types of structure. 
But this is true for their results in La. 	This difference 
may be due to the different phenomena occurring in GC and LC. 
In LC at V = 300, the turbulence contribution to plate height 
are absent whereas in GC at v = 50 turbulence may be contri-
buting to H. 	Further experimental work is desirable. 
Effect of Particle Size on h: Figure 60 shows log h versus 
log 'a curves on different particle size in La. 	The upper 
curves are replotted from the data of Huber and Hulsman (148, 
149) who used 30 and 70 micron diameter chromosorb bearing 
io% 1, 2, 3-tris-cyanoethoxypropane as stationary phase. 
The mobile phase was l,l.,Lj- trim ethylpentane and the solute 
nitrobenzene. 	In our work the three components were 
respectively squalane, water and methylene chloride or 
acetophenone. 	The gradients of the three log h versus log v 
curves are close to 06. 	Higher values of h at a given 'a 
are obtained with smaller particles in GC and LC (as shown in 
Figures 29, 61 and 62). This effect is not due to changes in 
the column to particle diameter ratio, p, since we have shown 
in Section 7.3 that if large particles are used, h becomes 
independent of p when p exceeds 20 in gas chromatography. 
Knox and Parcher (lfl.) have obtained identical h versus 
curves for all values of p exceeding about 10. 	Thus small 
particles deteriorate the column performance. This is due 
142  
to the poorer packing of small particles; the discussion 
is given below. 
Retained Solutes on Chromosorb G, Effect of K upon h: 
Figure 61 shows the data obtained with sorbed solutes on 
235 micron chronosorb coated with squalane for different 
values of K in GO and DC. 	In GO the rate of diffusion of 
the solute in the stationary phase is some lO times slower 
than in the mobile phase, and the contribution to h from 
slowness of mass transfer in stationary phase is often 
important. 	In La, however, the rates of diffusion in the 
two phases are comparable, and the problem of stationary 
phase contributions to h hardly arises except possibly with 
very heavily loaded columns at high fluid velocities. 	Thus 
it is required that the curves for GO should not have 
contribution to plate height from stationary phase. 
Curves LGt and 6G' include stationary phase contributions 
to the plate height whereas for all the other curves shown 
in Figure 61, we believe there is little or no contribution 
to h from the stationary phase. 	The curves LG and LG were 
obtained by subtracting the stationary phase contribution 
from the observed plate height. 	Curve SG was obtained with 
0285% of squalane on chromosorb; our experiments have 
shown that columns with low loadings do not exhibit a 
stationary phase contribution to plate height. 
For the systems where there is no stationary phase 
contribution to h, there is good qualitative agreement 
between GO and La. 	The gradients of the curves for LC are 
greater than those for GC for retained solutes. 	This is 
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associated with the earlier onset of turbulence in gas 
chromatography as has been shown for unretained solutes. 
The other feature of the results is that the curves for LC 
are slightly higher than those for GC. 	This may be due to 
some contribution to h from stationary phase at 12% and 20% 
loadings. 	Another possible explanation of this difference 
is the poorer packing of heavily loaded chromosorb. 	Evidence 
for this is seen in Figure 61 curves lL to LhL which shows a 
substantially higher curve for unretained acetone on chromo- 
sorb with 20% squalane. 	This difference arises in spite of 
the observation that heavily loaded chromosorb is apparently 
as free flowing as uncoated chromosorb. 
The effect of K upon h is shown in Figure 63 at various 
reduced velocities in GC and LC. 	The effects are in quali- 
tative agreement with theory. 	The h increases by a factor 
between five and ten when K increases from zero to infinity; 
most of the influence occurs when K changes from zero to 
unity. 	In spite of the sacrifice which has to be made in 
regard to h the value of K for optimum speed is between 3 
and Lj. (43). 	However, since the rise in h with K is least 
at velocities around the optimum, there is an additional 
reason for working as near to this condition as possible. 
Comparison of Supports for Retained Solutes: 	Figure 62 shows 
the comparative data for GO and LO of sorbed solutes on 
different supports. 	In curves 2L and 3L we note that as 
in GO (curves 2G and 3G) the CSP beads of a given size 
perform better than glass beads of the same size when an un 
sorbed solute is used. 	They do not perform quite so well 
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as large glass beads (see curve 1L). 	Comparison of 2G 
and LG indicates that the curve for methane on CSP beads 
with 02 squalane is higher than that for uncoated CSP beads 
even though methane is unretained. 	This difference must be 
due to a deterioration in packing due to the coated beads, 
even though they appear perfectly dry and free flowing. 
The effect of retention by asp beads is shown by 
comparison of LG and 7G curves. 	h rises about 25 times 
when K changes from zero to 7. 	This is comparable to the 
three fold change with chromosorb as is shown by curves 1G, 
5G and 6G. 	Curves 2L and LhL* were obtained at different 
values of K. 	The curve 4L* is replotted from the data of 
Kirkland (150) who used LO micron CSP particles as compared 
to our 113 micron particles. 	The curves 2L and LL* for LC 
compare well with curves 2G and 7G for GC. 	For retained 
solutes the values of h are lower in LO than in GO. 	This 
confirms the results obtained with unretained solutes. 	The 
important and advantageous feature of the C5P beads is the 
much flatter h versus V curve. 	The mean gradient of the 
log-log plot C5P beads is 03 compared to 06 for cbromosorb. 
But the problems of packing very small particles are very 
serious which are discussed below. 
The Effect of Packing upon h: 	Our results have indicated 
clearly that h increases with poorer packing of a column. 
This effect was observed when columns were packed with 
particles bearing liquid phase and with small particles in 
GO and LO. The bad packing of coated particles may be 
due to their wet and sticky nature. This can be overcome 
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by devising a method of packing the column with particles 
in dry conditions. 	We (120) have suggested two methods to 
pack the column with particles in dry conditions. 	Neither 
of the two methods was used here since in the present work it 
was observed that even heavily loaded chromosorb was dry and 
as free flowing as uncoated chromosorb. 
The poorer packing of small particles. may arise from 
the dynamics of the formation of the random bed of packed 
particles. 	There are two factors which contribute to this 
effect. 	Firstly particle fractionation may occur across 
the column: secondly particle sized voids and other packing 
irregularities may develop. 	The fractionation is removed 
by using very closely graded support particles as has been 
shown by Huber and Hulsman ( 148 , 149). 	Particle sized 
voids are formed because small particles reach their terminal 
velocity very quickly when falling freely, and that they hit 
the bed which is being built up much too gently to be able 
to make a hole for themselves. 	Once a void is formed in 
this way it will very quickly become "fossilized" by sub- 
sequent layers. 	These large voids are not removed by the 
tapping or vibrating normally applied to compact packings. 
The violence of the initial impact depends upon the striking 
velocity and the mass of the falling particle. 	The velocity/ 
distance relationship for a particle falling in a viscous 
medium is governed by Newton's and Stoke's laws and is shown 
in Figure 64 for spheres of different sizes falling in air. 
The figure suggests that the violence of the impact on the 
bed can be improved if a column is packed under vacuum. 
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Another way of improving the packing of small particles 
would be to pack in a centrifuge where the greatly increased 
downward force will increase the terminal velocity. 	We 
believe that the combination of the two methods may be 
proved very fruitful particularly when working with particles 
of size less than 10 micron. 	We have employed vacuum packing 
method to investigate the reasons for poorer packing of small 
particles. 
Figure 65 shows log h versus log v curves for columns 
containing spheres packed in air and vacuum (see Section 5•7) 
for GO and LO. 	The reduced plate height obtained at high 
reduced velocities in LO with 113 micron diameter glass beads 
packed in air is three times higher than for 480 micron beads 
with an unsorbed solute. 	h is reduced by a factor of 16 
when 113 micron glass beads were packed under vacuum of 
3 x 10 mm. Hg. pressure. 	Thus violence of impact on the 
bed was improved when packed in vacuo. 	Improvement was 
also found in GO experiments, but •because of the lower reduced 
velocities which can be achieved, the effect is less obvious. 
Another important feature of the results is that in 
liquid chromatography an identical log h versus log v curve 
was obtained when 113 micron glass beads were packed under 
vacuum and 113 micron OSP beads in air. 	This clearly indi- 
cates the superiority of CSP beads which has only resulted 
from better packing due to surface roughness of those 
particles. 	It is possible that the greater friction on 
impact causes more effective seating and less tendency for 
the newly landed particle to bounce off the bed. 
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THE APPENDIX 
1. List of Symbols: 
A, A i 	Eddy diffusion contribution to plate height 
A 	 Constant (in Gaussian) proportional to solute mass. 
a 	The dimensionless scale factor measures the 
effective thickness of the wall layer in particle 
diameters 
am 	Fraction of cross sectional area occupied by 
mobile phase 
a s 	Fraction of cross sectional area occupied by stationary phase 
B 	Longitudinal molecular diffusion term in plate 
height equation 
b 	 The dimensionless constant indicates in a general 
way the magnitude of the unevenness of flow 
C 	Nonequilibrium or mass transfer term 
Cm Cm 	C term for mobile phase diffusion 
1 
C 5 	C term for diffusion in bulk stationary phase 
CR 	C term for kinetic effects (e.g., adsorption- desorption) 
C1 ,C 2 	Components of Cm  resistance to mass transfer through 
the mobile phase and velocity distribution terms, 
respectively. 
C 3 	Correlation term (for C and C 2 ) 
CHR 	Chromosorb 
CSP 	Controlled surface porosity 
Cc 	Overall concentration (amount per unit column 
volume) 
cmcs 	Overall concentration for mobile phase solute and 
stationary phase solute, respectively 
Equilibrium values of c and. c 5 
Local concentrations (amount per unit volume of 
mobile phase and stationary phase) 
ctt,c* 	Equilibrium values of c and c 
Constants 
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D Diffusion coefficient or effective diffusion 
coefficient 
D,D Molecular diffusion coefficients for mobile and 
stationary phases respectively 
Dm Molecular diffusion coefficient for mobile phase 
at 1 atm. 
Dm Molecular diffusion coefficient for mobile phase 
at column outlet, pressure 
Molecular diffusion coefficient for liquid mobile 
phase 
d 	Distance 
dc 	Column diameter 
dm 	Mobile phase film thickness 
Mean particle diameter 
d 5 	Stationary phase film thickness 
Fractional volume of the plate occupied by mobile 
and stationary phases, respectively. 
f1 ,f2 	Pressure correction terms: 
9 (u_l)(u2_l); f 
	 (n-l) 
(u3-1)2 	2 2 	(u3 - l) 
GB 	Glass beads 
GC 	Gas chromatography 
GLC 	Gas liquid chromatography 
GSC 	Gas solid chromatography 
90091 	Integration constants in nonequilibrium theory 
H 	Plate height or its components 
ii 	Apparent (i.e. , experimental) plate height 
HD 	Plate height for diffusive exchange mechanism in 
the mobile phase 
H 	
Plate height for flow exchange mechanism in the 
mobile phase 
H1 	Plate height in ith segment 
HETP 	Height equivalent to a theoretical plate 
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All 	Molar heat of vaporisation of the pure liquid 
solute 
A 	Partial molar excess enthalpy 
Molar heat of solute from solution at infinite 
6 	 dilution 
e m' 	 Partial molar excess enthalpies of mixing e,s 	of solute with mobile and stationary phases 
respectively, at infinite dilution 
Partial molar enthalpy of transfer of solute from 
mobile phase to stationary phase 
h 	Reduced plate height 
ia The experimental reduced plate height (Ei/d) 
J 	Solute flux (unit area, unit time) 
J vIien equilibrium exists between phases 
Ai 	= J-J * 
K 	Column capacity ratio (q 5/q) 
K',K",K' Used as constants in a particular discussion, 
and applying to that discussion only 
it 	 Distribution or partition coefficient (stat. 
phase conc./mobile phase conc.) 
k  First order rate constant for adsorption 
k  First order rate constant for desorption 
L Column length or length migrated if the latter is less 
1 Random walk step length 
Molecular weight of the solvent (stationary phase) 
Molecular weight of the solute 
Mm 	Molecular weight of the mobile phase 
N Number of theoretical plates in a column 
n 	Number of random walk steps 
n 5 	Number of moles of solvent in an arbitrary weight 
of solution 
P 	 Pressure 
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p 5 p 0 	Inlet and outlet pressure, respectively 
Mean column pressure (length average) 
Partial vapour pressure of solute 
qm 	Amount of solute . in unit length of mobile phase 
Amount of solute in unit length of stationary phase 
H 	Retention ratio, i.e. passage time of nonsorbing 
zone/passage time of given component; or, 
equivalently, the fraction of solute in the mobile 
phase. 
R 	Gas constant 
RS 	Resolution 
Re 	Reynolds' number, a criterion of turbulence 
S 	Persistence of path distance for molecule migration 
Partial, molar excess entropy 
ASe m' 	e 	
Partial molar excess entropies of mixing of 
solute with mobile and stationary phases, 
respectively at infinite dilution 
T 	 Absolute temperature (usually degrees Kelvin) 
TB 	Boiling point of a pure liquid solute 
t 	The time variable 
Retention time (these two variables are easily 
distinguished by context) 
t 	
Time needed for diffusion over specified distance 
t 	
Measured retention time 
tm 	Time spent by molecule in mobile phase, L/u, during 
migration 
Time spent by molecule in stationary phase during 
migration 
tatd 	Mean adsorption and desorption times, 1/ka and  lAd, 
respectively 
t e 	
Exchange (or escape) time between flow paths 
u Regional velocity of mobile phase, identical to 
the downstream locity of a nonsorbing zone in 
that region (often termed amply "velocity" or 
"flow velocity") 
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11 	 Average velocity 
uo 	velocity at the column outlet 
Au Difference between mean and extreme velocity 
U112 	Transition velocity in coupling theory 
V Volumetric flow rate, usually cm 3/sec. 
VM Retention volume of an unretained peak 
Measured retention volume of a retained peak 
VR Adjusted retention volume of a retained peak 
Net retention volume 
V2 Partial molar volume of solute 
Specific retention volume at temperature T 
v i interstitial volume occupied by mobile phase in 
column 
v s 	
Volume of stationary phase in column 
Weight of stationary phase in column 
x 	Mole fraction 
a 	Accommodation or sticking coefficient 
am 	
Coefficient of thermal expansion of mobile phase. 
Reduced longitudinal diffusion term for the 
stationary phase 
Y 	 Obstruction factor for diffusion through granular 
materials 
Activity coefficient of a solute at infinite 
dilution 
yflhWySW 	Activity coefficient of a solute at infinite 
dilution in the mobile and stationary phases 
respectively 
A 	 = Increment, e.g., AK = increment in column 
capacity ratio from one solute to the next 
€ 	 Fractional departure from equilibrium concentration 
emles 	Overall departure term (in given region) for mobile and stationary phases, respectively 
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X,X 1 	Eddy diffusion coefficients, e.g., A = 2Xd 
Micron 
Chemical potential of the pure liquid solute 
Excess chemical potential of solute 
Reduced velocity, dpu/Dm 
TT 	 Ratio of column inlet to outlet pressure, p i 
 
/p 0 









Density of mobile and stationary phases, respectively 
Column to particle diameter ratio, dc/d r 
Standard deviation ("quarter-width") of zone, in 
length units 
Standard deviation in ith segment 
Standard deviation of zone, in time units 
Dimensionless nonequilibrium tern, 	= CD/d 
Coefficient of mobile phase plate height contribution, 
H- = wdu/Dm 
Values of w for particular processes in the 	- 
mobile phase 
Ratio of exchange distance (i.e. between velocity 
extremes) to 







Ratio of persistence of path, 3, to d 
Peak width at maximum peak teight/2 
Peak width at maximum peak height/2'718 
Base peak width. 
In addition to the above, there are symbols used in 
a particular discussion which apply to that discussion only. 
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Figure 3: Elution analysis of a 3-component 
mixture 
R = 0 *5 11=0'75 R10 
AA 
r4aure Li: Peak resolution. A resolution H means a 
separation of the peak maxima by 4R standard 
deviations. 
CaL,,> 
Linear 	 Non-linear 
Ideal Ideal (no peak dispersion due to 
Kinetic effects) 
Linear 	 Non-linear 
Non-ideal Non-ideal 
Figure 5: Relationship between isotherm and elution peaks 
resulting from a sharp injection for ideal (i.e. 
no dispersion due to kinetic effects) and non- - 	
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Figure6: Plot of calculated HETP against linear 
gas velocity (after Keulenans). 
Figure 7; Flow, 	, and diffusion 9  
in an empty tube. 
Figs. 8 & 9 
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Figure 8: (a) Illustration of typical molecular pathway 
through column packing without diffusion, consists 
of 5 steps. 	(b) Illustration of stream paths 
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11D / 	 Flow Nech., H = H 
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Figure 9: contrast between coupling and classical expressions 
for plate height as a function of velocity. 	The 
"coupling H" is always less than H f or HD  while the 
"classical H" is always greater than either of these. 
Cone. 
Figs. 10 & 11 
Flow Direction 	3 
Figure 10: The lower diagram shows that the actual 
Cone. profile for the stationary phase lags 
behind that which would exist at equilibrium. 
The upper diagram shows that the mobile phase 















Figure 11: Schematic illustration of diffusion of 
solute molecules into a uniform film of 
stationary phase in partition chromatography. 
Ii 
6 
Figure 12: Reduced plate height-velocity curves rot' 
(A) the mobile phase alone and (B) the 
combination of all effects in a typical 
efficient chromatographic column. 
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Figure 15: The gas chromatOgraph. 
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Figure 16: 	The Negretti and Zambra pressure controller. 	 - 
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Figure 18: 	High speed pneumatic injector (taken from 
Beckman manual). 
Column 
Microswitch 	 Nicroawitch 	I 
Closed 	 Open 
I t—Sample in 	 L 	 USample in 
Carrier Gas 	 Carrier Gas - 	 Suppy 
supply 
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Pig2re 19: The flow configurations of sample in and injection positions 
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Figure 22: Column outlet systems. 	 • 	 n.) 
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Figure 23: Exploded view of, burner (Beckman manual). 
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Figure 27: Log'itbmio plot of reduced plate height against reduced velocity. 
Upper curve: Column was packed by method (b) 
Lower curve: Column was packed by method (a) 



















Figure 28: 	Lok'ithmic plot of reduced plate height against reduced velocity; solute methane. 	
Ni 
Designations on lines: Column No./Support/Particle diameter (microns)/column to 
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Figure 29: Comparisons of log Ii. versus log v curves for unsorbed solutes on various supports. 
Designations on lines: Column No. /support/ particle diameter(microns)/column 
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Figure 30: Evidence of turbulence effects on lg h versus log v curves for different solutes. 
Carrier nitrogen, support glass beads. 
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Figure 31: 	Evidence of turbulence effects on log h versus log v curves for a 
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Figure 32: Effect of column diameter on log ii versus log v curves for unsorbed solutes. 
Designations on lines: Column No./Support/column diameter (cm.)/colunt to 
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Figure 33: Effect of column diameter on log h versus log v curves for unsorbed solutes. 
Designations on lines: Column No./support/column diameter (cm.)/column to 








Figure 3I:. Effect of particle size on log b versus log v curves for unsorbed solutes. 
Designations on lines: Column No./Support/particle diameter (microns)/column 
to particle diameter ratio 
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Figure 38: 	comparison of "Infinite Diameter" Columns with a conventional walled column. 
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Figure tin: A plot of peak asymmetry against average mobile phase velocity for a column containing 
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Figure Lji: 	Graph of Hu 3 versus U for the measurement of diffusion coefficient of 
cyclohexane into heljthnl 
Figure 45: Effect of retention on log li versus log 'v curves. 
235 micron chromosorb W. T = 250C. 
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Figure 46: Effect of temperature on log h versus log V curves for sorbed solute. 
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Figure 1b7: 	Effect of retention on log li versus log v curves. 	Carrier nitrogen, solid phase 
235 micron chromosorb. Solute cyclohexane. 
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Figure 49: Determination of C.for 6 squalane on 235 micron chromosorb 












Figure 54: Determination of C 3 for 6% squalane on 235 micron 
cbromosorb with n-butane at 250 c. K 1•35. 
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Figure 51: Determination of C for 6 0/'.' squalane on 235 micron 
chroinosorb at 24'0
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Figure 52: Determination of C for 6% squalane on 235 micron chromosorb 
	
with cyclohexane solute at 250C 	K = 295 
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Fture 53: Effect of K on log h versus log v curves for 235 micron chromosorb W. 













































Figure 55: Effect of column capacity ratio, IC, on bm  at fixed 
value of v = 50. 
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Fire 57: 	
comparison of GO and LC of unsorbed solutes on cbromosorb G (d = 00235cfl1., 
do  = 0576 cm.) and du Pont 031' beads (d = 00113 on., d
3 = 0'375 cm.). 
Carriers nitrogen and water. 
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Figure 58: Comparison of GO and LC of unsorbed solutes on glass beads (d = 0 0480 cm.). 
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Figure 59: Plots of log B versus log p at fixed values 
of reduced velocities in gas and liquid 
chromatography. 
Gaseous system: V = 50 (this work); Liquid system: V = 300 
(Ref.112) 0 : partile diameter = 0430 mm. 	ff3 : Particle 
diameter = 0378; 	0 : Column diameter = 1'02 cm.; 
"Infinite diameter" columns. 
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Figure 60 Dependence of h versus v curves on particle size for sorbed solutes. 	Support 
chrornosorb; K = 08; 	diameters given, on lines. Upper curves from Refs. 148 and 149. 
Lower curve this work. 
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Figure 61: Effect of retention of log h versus log v curves in GO and La. 
	Support, chromosorb G. 




Details of Fi gure 61 
Effect of retention of log ii versus log v curves 
in GC and LC. Support, chromosorb G. Carriers, nitrogen 
and water. Stationary phase, squalane. 
Designation 	Solute 	 % Squalane 	K 
10 Ethylene 00 00 
20 Cyclohexane 00 026 
30 Cyclohexane 00 oL 
140 N-Butane 6'O 095 
50 Cyclohexane 0285 1'61 
60 N-Butane 6'O 135 
140' N-Butane 60 0'95 
60' N-Butane 6'o 1'35 
1L Acetone 20 00 
2L Acetone 60 00 
3L Acetone 120 0'0 
LiL Acetone ?O'O O'O 
5L Acetophenone 20 013 
6L Acetophenone 60 059 
7L Acetophenone 120 1'08 
8L Acetophenone 200 1'58 
There is either little or no stationary phase 

































Details of Figure 62 
Comparison of log h versus log v curves for unretained 
and retained solutes on various supports in GO and La. 
Carriers, nitrogen and water. Stationary phase, squalane. 
dp % squalane K mron 
20 00 235 
00 00 113 
00 0'O 113 
02 00 113 
20 12'3 235 
20 1-46 235 
0-2 7-1 113 
0-0 00 480 
00 0-0 113 
0-0 00 113 
1-0 0-9 40  
21.-3 
33 . 3 
33 . 7 
33 . 3 
21r3 
24 - 3 
33 . 3 
190 
33 . 3 
33 . 7 
80 
* Data for L.L from Kirkland (150); stationary phase, 
,D '-oxydipropionitrile. 
Gas Chromatography 
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Figure 62: Comparison of log li versus log v curves for unretained and retained solutes 
on various supports in GC and LC. 	Carriers, nitrogen and water. 
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Figure 64: Velocity/distance relation- 	 Figure 63: Dependence of log h upon K at various 
ships for spheres (density 28) 	 reduced velocities in GC and LU; 
falling in air. Diameters 	 reduced velocity given on each line, . 
of sphexts given on lines. 0= LU 	0=00 
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Figure 65: Effect of vacuum packing on log h versus log v curves for unsorbed solutes. 
Carrier nitrogen and water 
Kinetic Conditions for Optimum Speed and 
kesokition in Coiumn Chromatography 
by i. H. Knox and M. Saleem, Department of Chemistry, University of Edinburgh, Scotland. 
Abstract 
Generril equations are dci ved for the following optimised 
parameters in column chromatography: 
(a) The inirilmuni analysis time for a specified separa-
tion number (Equation 14) in gas and liquid chromatogaphy 
(CC and LC) v.dieir the pressure drop is limiting (Equation 25). 
fe) The mimmubn analysis time in CC and LC for a spe-
cified separation number when the particle diameter is fixed 
but pressure unlimited (Equations 30 and 331 
The nraxirnrrni separation number which can be 
achieved oo Go and LC with a given pressure drop and par-
ticle size irrespective of time (E(:uation 35). 
The minimum pressure requirement for a given sep-
aration number and particle size in CC and LC (Equations 
37 and 38). 
(a) The range of -a i ues of parameters for analysis with 
a specified separation number in a stated time. 
The eq ua ii errs are applied to practical cases. They in-
dicate that severe technological problems will arise in the 
quest for optirrum performance in LC, particularly in the 
design of m ieroinjcction and detection equipment. Progress 
0 he immediate future is most likely to be made by the 
design of column pachi r:g niateri a Is which give rise to flat 
h versus . curves (see Equations 18 and 19). 
Several attempts have been made to derive condi-
tions for optimum per:erralaiice in chromatography. In 
a previous paper we showed (1) that when the 
height-velocity relatIonship is of the van iDecriater type, 
Ill(! maxi mi iii speed of analysis is limited by the avail-
able pressure drop and is obtained when the particle 
diameter and column length are chosen so that the 
column operates at the In i i IT) UI n value of I-i / d wi ion 
the Inaximuli) pressure (hop is used. Previously Scott 
(2) and Purnell (3) had considered the case when 
(lie particle diameter (or lube dirnieter for an open 
column) was fixed, and the van Deeaiter type of 
equation applied. They showed (hat the niaxirnuni 
speed with a given resolution is; -  r pprnacliad asyrn plot i-
cal lv as 1.1 ae col 'lain length and pressure are i ndef i-
nitely inconsea. the derivations assumed that the car-
Tier was iricompressrble and so applied only to liquid-
or low-pressu rent r-op gas chroraa togr-aphy - The appro-
priate cqtrdions for high-la'essurc-di'op !.aS ChOIflIItO-
grrrphv (derived below) are more complex and shO\'/ 
tInt the nraxinannln speed is attained at a iiniiC velocity 
and column length. Mon -c i-ecea!ly Ciddings (4) has 
reviewed aspecls of the achieveriienl of ivallitHon ind 
has given expressions for the naaxialuna number of 
Iheorel icr,! plates winch can be attained ill CC und  
LC with a slated pressure (1101) and particle size (5). 
In this paper we generalize and unify these differ-
ent treatments by deriving equations for the follow-
ing parameters in column chromatography: 
The minimum analysis time for a given separa-
turn number -, 5, when the pressure drop across the 
column is lino; ted. 
The minin'ninn analysis time for a given separa-
tion number- when the particle diameter is fixed but 
the pressure drop wi imited, 	 - 
The ronximurn separation number which can 
be at rained with a given pressure drop and particle 
size when tune is Unl united and conversely, the 
minimum pressure crop required for a given sep:u'a-
tioii number and particle she '.vlien tune is unlimited. 
The analysis time when 75% of the maximum 
possible resolution is attained. 
Parameters for analysis with a giver) separa-
tion number in a state4 Huie  
Although the UltImate in r .tm I aticoi on the speed of 
any chromatographic sysl.erri is set by the pressure 
di-op which the apparatus can develop (1,I), a sub-
sidiary restriction in practice is often the availability 
of limited ranges of particle size or the technological 
problems which arise when it becomes desirable to use 
very small partictt-s (say below 10 niicroas diameter) 
a combination of Limssum drop and particle she very 
often restrict the choice of the best col umn in practice. 
Before considering the optimization pror:erure theo-
i -etieahiy, we onthi no a practical procedure for obtain-
ing maxi nn rim anal y H cal speed for a t 'Sd, coaponen 
mixture. We first calculate from a trial cli romnatograrn 
the number of theoretical plates required to sepat ate 
the two cc,raponents with the desired mesohi lion using 
[lie cal turin pecking which has prevously been dc-
dried upoa; that is the support material, the mobile 
phase, the stationary phrue and its per cent loading, 
but not the particle rltaineter Or calunmim length winch 
Knox, J. II., J. Choir Sac., 1961 1 433. 
Scott, H. P. W., and ilarciclean, C. S. i'.. '1lis Cliro-
nialugrrrpliv 1960', 1-'.. P. W. Scull, ed ., Academic 
Pi'ess, New y01-r-  1960. p. I-id. 
l'urirehl, j, J-1. and Quinn. C. P., 'Gas C)imnmrmate-
graphv 19mM''. R. P. W. Scott, ed. Academic Press. 
New York, 1960, p. 134. 
Cirhiin;s, J C., " )Jyrm:n.uiirs of Chromatography Pan. 
I" i\'firrcm'l lJr-kker-, New- Ybrk, 1965. 
Ginhuli np, J. C., Anal. Cimi-na., :31 711 (1964). 
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file, both to be regarded as variables. Using a couveu 
mit. jiitrtic]e Size, pn'terably on the large side, :i ealunin 
is (01i5{iucled \vllieli can give at lc:ist the nitridaci of 
plates desired. The pressure drop and flow rate are 
then adjusted so that exactly the desi ed number of 
plates is attainecL The column is (lien lengthened. This 
I increase the in tuber at plates at the velocity heiti g 
used but vill slow down elution. The velocity can 
however be increased until the desired number of 
plates is agahi obtained. Although an increase it pies-
sure drop will clearly be necessary, the analysis time 
will probably be reduced. The procedure is continued 
Until no further reduction in analysis time Occurs or 
until no more pressure drop can be generated by the 
equipment. This i s (lie experiment which was analysed 
for a particular case by Scott (2) and Purnell (3) 
The entire expe)irnent is now repeated with a column 
containing smaller particles. Generally this will result 
in a decrease in el ution time, but the rnaxinlunl linear 
velocity which can be achieved by the available pres-
sure drop will be reduced because of the higher flow 
ressfa nce of the packing. Ultimately further reduc-
tion in particle size will so increase the flow resistance 
of the column that a deterioration in resolution on 
aiiah sis .1 rae nil result:. When this happens, the op-
timurn rail e diameter has been passed. 
This ] iynoth eti cal ex per mien t shows thud there 
be a erttical particie diameter and column length which 
gives a niaxiinuia speed of resolution for a given 
pressure drop. This case was first analysed by Knox 
(1) assinning that the plate height-velocity relation-
ship was of the van Jieeniter type. It is now we'll 
established (4,6) that this simple form of equation 
does not represent the physical situation accurately 
at high velocities, and a re-investigation of the theory 
of oldinium performance is required using a more gen-
era) plate height-velocity equation. 
Basic Equations 
We first define -n number of basic concepts. 
The linear veiocity of a band of sorbed material 
migrating along a chi-omatograpliic column at a dis-
tance z from the inlet, is given in Equation 1. 
u, (band) = It u, = u.,/ (1 -4-K) = equilibrium fraction of 
solute in mobile phase 
Eq. 1 
where u., is the mean carrier fluid velocity at z, H is 
the retention ratio, and K the column capacity ratio. 
K is related to the thermodynamic solubility coeffi-
cient, 1<, by Equation 2 
K = k (vjv) 	 Eq. 2 
where v,and v are the volumes per unit column 
length of stationary and mobite phases. Generally K 
and Ii are constant tli rougliou t the length of the col-
umn and ideally are independent of solute concen-
tration. If the colum n cross section is uniform and the 
packing uniform, ii, will vary, from pout to point 
only because of the compressibility of the mobile 
phase. For an ideal gas u.,P, = constant, wlieie P. is 
the pressure at the point z. 
The elution time, t, for a sot-bed solute is related 
to the passage time, t:,, of an unsuited solute by 
Equation 3, and ti, the :ivet':igui and outlet. carrier fluid 
veloctics, ü and u,,, by Equation 1, 
t=tJH=_a (llK) 	 Eq. 3 
Eq. 4 
where L = column length, and 1. is a compressibi lit:,' 
factor. For liquids, which are incompressible at pros-
sores used in LC, f. =1 - For an ideal gas f. is given 
by Equation 5, where i' and P are the in let and 
outlet pressures. 
f. = (3/2) (irS - 1) /(d —1); = 
Eq. 5 
When K is independent of solute concentration,  
eluted peaks resulting from an instantaneous iii ied ion 
possess Gaussian concentration-time profiles asp;iven 
by Equation 6, 
c 1 ' = A.exp[tu/2rr,5] 	Eq. 6 
where U is the time measured from the centre of the 
peak, and o  is the standard deviation of the p-otile. 
The peak wicltl obtained by extrapolating tangents 
at the points of injection to the base line is 4cr. 
The resolution of two peaks, US, is defined by 
Equation 7. 
itS =/2(t—t)1(c 2  -4- o n ) =M/'1u1 
Eq. 7 
where t, and (a are the elution times of the two peaks, 
and cr and u, their standard deviations; a 1 is the 
mean standard deviation. 
The local plate height, H, measures the rate of 
dispersion of a hard as it migrates along the column 
and is defined by Equation S 
11 = Ehr, 2 /Dz 5z a 3 2 /L 	Eq. 8 
where a, is the standard deviation of the peak Incas - 
tired as a distance within the column. The approxinia-
tion holds exactly for a uniform column and an in-
compressible mobile phase. 
The experimental or observed plate height, fi, is 
defined by Equation 9 
a = L(cr/t) 2 	 Eq.9 
According to most theories of chromatography, the 
local plate height, H. may be expressed as a sum of 
two terms as in Equation 10. 
H = IT.,, + 11, = H, -- C,u, 
Eq. 10 
H,,, arises from processes occurring in the mobile phase, 
and is a function of u,/l),, 171 , where D,,, 171 is the dif-
fusion coefficient of the solute in the mobile phase at 
the point z. IT, arises from processes occurring in the 
stationary phase and in all theories has the general 
form i-I, = C,u,, where C, is a constant incorporating 
the diffusion coefficient of the solute in the e(jj  ionaiv 
phase and the mean square film thickness 4). The 
G. l-Iorne, ID. S., Knox, .J. 31, and  i\ieLaren, L Si pnSri., 
1. 531 (1966). 
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experimental plate, height, li, is related to the coin-
!M)ili'nt teinis in 11 by Equation ii (7) 
=f i '1,, 	tz 'Cs ibo 
= I - XU -1- C,.ii 	 Eq. 11 
For a liquid f, is unity; for an ideal gas it is given 
by Equation 12 
9(rd —1) (,r2 1) 
Eq. 12 
For 	close to unity f, is close to unity, for 	large 
= 9/& it is therefore only weakly dependent upon 
the pressure drop ratio, unlike L. 
Elimination of t and a, between Equations 4, 7 
and 9 yields 13 where N is the number of theoretical 
plates to which the column is equivalent. 
= ¼ (AK/K) (K! (1+1K) ) (L/A) '/2 
= ¼ (AK/K) {K/ (1+1K) } .N' 2 	Eq. 13 
The ratio AK/IC is the fractional difference in solu-
bility of the Iwo substances being separated. This ratio 
is set by the choice of the stationary and mobile 
phases and the operating temperature of the column; 
it is a purely thermodynamic parameter. For optimum 
resolution AK/IC must be as large as possible. The 
remaining factors ill Equation 13 depend upon the 
kinetic and gcarnet'ical paranieters of the column, and 
it is file oplAtuisii1ion of these combined factors with 
wldcli we are here concerned. Optimisation of the so-
called kinetic parameters implies optimisation in terms 
of the separation number, S, defined by Purnell (3) 
and given by Equation 14 
S = (K/ (1±1K) ) 2N = (1-11) 1N 
Eq. 14 
If a specified degree of resolution is required, then 
after optimisation of the ratio AK/K a specific value 
Of the separation number, 8, must be attained. It is 
important to note that a specific value of 5, not of 
N, is required. Thus when K is close to zero or It 
close to unity, the number of plates required to pro-
duce a given separation number may be very large. 
Failure to appreciate the importance of the factor 
(lIt)1 led to sonic exaggerated claims about the 
resolving power of open tubular columns. 
The Achievement of Separation in Mtntmu,n Time 
Practising chromatograpliers are well aware that 
the more difficult a separation the longer it fakes. It 
is therefore important to consider what factors govern 
the speed at which it peak can be eluted from a column 
with a given separation number and how one can 
obtain elation in [lie in inijuom time.  The ultimate nat
limitation on speed is inevitably set by the pressure 
which the apparatus can tolerate. This may be 100 
psi in a gas chromatograpli or 3,000 psi in a liquid 
chron i atograph. 
Four basic equations are relevant to the calculation 
of opti inn m conditions. 
I Equation 4 which gives the analysis time which 
is to he ininimised. 
(Ij) Equation 14 which defines the separation mun-
her required for the desired resolution. 
e) Equation 11 and supporting equations which 
define the dependence of the cx per ni en Ia I plate 
height, fl, upon column p;ii'anieters, part iciilarly the 
linear velocity of the mobile phase. 
(d) The flow equation which conects the linear 
mobile phase velocity with the pressure drop, particle 
diameter, Column 1011 1 th and fluid viscosity. For flow 
in the noii-i.urbuient regime the JKozeny-Carman equa-
tion (8) applies. This has been extended by Erguti 
(9) to cover flow in the turbulent and transition ic-
ginies. Over a wide range the interstitial linear flow 
velocity for a bed of roughly spherical particles is 
given by Equation 15,. 
U, 
Eq. 15 
P is the pressure drop across the column and equal to 
(P1 - F,) ; 1, is a compressibility factor which is unity 
for liquids and given by Equation 16 for ideal gases; 
is a constant characteristic of the shape of the gran-
ules of 
= ½ (rd-i); P.f 1 = 1/2 1",  ( 2 
the packing and is about 400 for spheres; j is the 
viscosity of the mobile phase; d 1 , is the particle dia-
meter; R the Reynolds number which can he do-
filled by Equation 17 in which p is the density of 
the fluid; 1, is then about 7 x 10. 
It, = u.p.d0 /7 	 Eq.17 
It has been found that theoretical relationships 
between the plate height and fluid velocity can be 
considerabl y simplified if they are expressed in terms 
of reduced parameters (10) defined in Equations 18 
and 19. 
Reduced plate height, Fm = i/d, 	Eq. 18 
Reduced fluid velocity, m' = u,, d,,/D.., 0 	Eq. 19 
where fl is the diffusion coefficient of the solute in 
the mobile phase at the column outlet. Using reduced 
variables, the theoretical equations can almost invari-
ably be expressed in forms which do not contain d 
or U,,,' explicitly. This means that all geometrically 
similar columns should produce identical curves of h 
versus i', whatever the particle size and whatever the 
mobile phase he it liquid or gas. Although this is 
roughly borne out by experiment, some qualifications 
and explanations are required. 
Strictly speaking identical Ii versus p curves are 
expected only if the value of 1K is the same for all 
solutes compared, if the stationary phase contribution 
to Ii is small, and if the structure of the packing is 
independent of the particle size. 
The second of these conditions is nearly always 
met in liquid / liquid, and I iqimid/sol id adsorption chro- 
Giddings, J. C., Nature 191, 1291 (1961) Stewart, C. 
H., Seager, S. L., and Giddings, J. C., A ml. Chem., 
31, 138 (1159); 32. 876 (1060).  
Ca rnia ii, P. C., "Flow of Gases tI rough Porous Me-
dia'', l3o{ti-'rv,,ri.lis. London, 1956. 
Ergmin, S., Cheni. Eng. l'rogr., 48. 89 (M52).  
ii. (.;ddu, J. C., Anal. (Them., 35, P738 (W63), 
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J1i(it)riph3', and it is apploxirual(ly Jim. in gas chio-
ll1atogritphy (11,2) which now uses inactive supports 
with opoti stitictures of large surface urert.  'Fhiis the 
total plate height ciii be approxmuitely identified 
with f H ,, the mobile phase contri be hon. 
Theory has little to say on how H should vary 
with the capacity ratio K, and the few models which 
have been evaluated (13) predict results which bear 
little resemblance other than qualitative to cx pen-
mental data (11,14) Recent work (1.1) shows that 
the value of Ii for a given reduced velocity increases 
rapidly as K increases from zero to unity (Le. as R 
decreases from 1 to 05) but thereafter increases rather 
slowly to a maxinluni when K exceeds about 5. The 
increase is more marked at high than at low reduced 
velocities, and for reduced velocities around those 
where li is a Inillimum, the dependence covers less than 
a twofold range in h. Fortunately for the present argu-
ments, it is just this region of the h versus v curve 
which is important for high speed analysis. 
Theory is unanimous it) predicting that the It 
versus ,' curves for a given K and for a given ratio 
of column to particle diameter ratio should be the 
same for all particle diameters. This is not however 
always followed in practice (14) it is generally found 
that the reduced plate heights are larger for smaller 
particles, particularly when they are below about 100 
microns ( 10- cm) in diameter. Since there is no 
Theoretical explanation of this, it is believed that the 
dependence must arise from the difficulty of pack-
ing small particles as regularly as larger ones. It 
appears to be a matter of column technology to devise 
packing methods which give equally low values of h for 
large and small particles. 
Because of wall effects and particle fractionation 
effects (tB) , h for a given r and K may depend. upon 
the column to particle diameter ratio. Fi-act ionation 
effects may be minimised by using very carefully 
graded pro tjcles. Knox and Parcher (16) have shown 
that for unsorbed salutes the effect of column to par-
tical diameter ratio is slight for well-packed columns 
using large particles (—BOO micron glass spheres) and 
conclude that the effect previously observed (14), 
which was much larger, arose from the difficulty of 
packing columns with small particles not Loin genuine 
wall effects. Calculations (16) by the non-equilibrium 
theory of Giddings (4) support this conclusion. 
It therefore seems likely that under good packing 
conditions very similar h versus i - curves will be ob-
tained for all columns containing a given type of sup-
port, particUlarly around the point at which Ii is a 
minimum. In what follows we shall take this to be 
a primary assumption, but the effects of relaxing the 
assumption somewhat will be considered. 
The key equations may now be writ ten in terms of 
reduced variables. We define one further reduced 
parameter, the reduced length, I = L/d. 
Elution time. 
t = l.d/ (f.R. r .Do) 	Eq. 20 
Separation number. 
S = (1131) 2 (1/11) 	 Eq. 21 
(C) Plate height. 
Eq. 22 
(d' ) Flow equation. 
= (P.f3.dz) I (/;.?/.l.]DI I ' ( i+ai') ) 	Fit. 23 
where a is a constant for any mobile phase and given 
by Equation 24 
cc = 7x10- (jjjo/,1) 	 Eq. 24 
Analysis 'iliac Limited by inlet Pressure 
When inlet pressure is tile only limitation,  the anal - 
ysis time can be obtained by eliminating I and d 




The pressure correction factor f_f 3 is unity for a liquid 
and given by Equation 26 for a ideal gas. It varies 
from unity whenr is close to unity to /j  when 7 is 
large. Thus pressure drop ratio, per se, has little 
effect on analysis time. 
f,-.f 3 = % (ri) (,r+l ) I (-1) 
Eq. 26 
Equation 25 shows that for a given separation num-
ber 5, and pressure drop, F, the analysis time is en-
ticail.y dependent upon the value of I at which the 
column is operated. If it can be assumed that the ver-
sus I, curve is the same for all columns containing the 
desired packing material irrespective of particle size, 
it becomes clear that a column should he chosen which 
operates at the minimum value of h 1 (1+(, ) - Gen-
erally It shows a minimum at a value of i - between 1 
and 10, which is well within the laminar flow region 
in both CC and LC. As ,' rises h rises to a flat maxi-
mum. There is some evidence (11,17,18) that when 
the flow becomes turbulent, i.e. R exceeds about 100, 
h begins to decline gradually and 
a ma
y even reach 
m 	 w' a mini um value as lo 	the first nilnimurri . 1-low- 
ever the product h ( i-I-ar) for this second minimum, 
which must occur if at all well into the turbulent re-
gion, will certainly be larger than for the first mini-
mum as a' will be large compared to unity. it follows 
that the optimum conditions for fast analysis will al-
ways correspond to the minimum of h in the laminar 
flow region. in spite of this, however, there may be 
situations wt.ere practical advantage is gained by work-
ing in the turbulent flow region. 
Knox, J. 1-I., and Salem, M., to he published. 
Vidal-Madjar, C., aud Cuiocl,on, C., J. l'lis. Cl,e,n., 
71, 4031 (1967). 
Githlini,s, J. C., Anal. Chem., 34, 1187 (1962); 35. 139 
(1963). 
Knox, J. 11., Anal. Chem.. 38. 253 (196(3). 
Lit tlewood, A. 13.,"Gas Chromatography 1964, A. 
Gold up, ed., institute of Petroleum, London, 1961, 
i. 77. 
Knox, J. I-I., and Parcher, J. F'., in press. 
Pretorius, V., and Smuts, T. W., Anal. Cliem.. 38. 274 
(1.965). 
Flalasz, Land Walking, 1'., J. Chronialug. Sri., 7, 
129 (1969). 
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Equation 25 also  shows the advantages to be gained 
by working with a high inlet pressure and that rapid 
clironiatugrzrphy with viscous nubile fluids will ill-
@vitai.dy require compensating high pressures. For-
tunately it is simpler to generate and safer to operate 
with high pressures in liquids than in gases. ']'his dis-
tinction between liquids and gases just about. conipen-
sates in practice for the approximately hundredfold 
difference in viscosity. it also re-emphasises in quan-
titative terms the high price time-wise which has to 
be paid for a high separation number and the im-
portance of preliminary work to obtain the best corn-
bina Lion of mobile and stationary phases for any spe-
cific separation. 
The retention ratio, R, appears in a somewhat un-
expected way in Equation 25. The value of R required 
to give minimum analysis time is 0.2, that is K = 4. 
This value is somewhat higher than might have been 
anticipated from looking only at Equation 4, but it 
arises from the requirement of a given separation 
number rather than a given plate number. The depend-
ence of h upon K may influence this conclusion 
slightly. The dependence is steepest when K<1, but 
the adverse effect of working at Ii near unity (K near 
zero) more than counteracts any gain from the lowered 
h. For K>]. the dependence seems to be so slight 
(11) that the optimum K cannot in fact differ much 
from 4 
The analysis time, surprisingly at first sight, is 
independent of r. There is no ultimate advantage to 
be gained from working with a value of r' above that 
for \vli)cli li is a minimum; the dependence of Ii upon 
at high values of r is relatively unimportant. This 
conclusion is exactly the reverse of that reached by 
Scott and Purnell (2,3) and arises from the difference 
in restrictive conditions imposed. This is not however 
to say that the shape of the Ii versus 1' curve above 
the minimum is of no practical importance as it affects 
the particle diameter required for optimum separa-
tion and how much performance is lost if one is forced 
to use parl:i riles larger t:iian the optimum. 
in adjusting conditions for mirrimum time analy-
sis, both the particle diameter and column length 
have to he ad] usi ed so that the column operates at 
the minimum of the Ii versus I , curve when the pres-
sure drop P is applied across the column. Equation 
25 is of practical use only when taken in conjunction 
with the appropriate equations for d 1, and L. Elirnina-
tion of I and t between Equations 20, 23 and 25 yields 
27 for the particle diameter, 
d 1 , = ' 	( 1_R)2f2.P 	3> 	Eq. 27 
The column length is obtained by rearrangement of 
Equation 21 
L = S.fl.d 1 / ( i—fl) 	 Eq. 28 
The particle diameter for minimum analysis time 
is proportional to (III') '/, and therefore the hi-her 
the reduced velocity at which h has its minimum 
value tile large.r the particles that are required. In view 
of tIn' difficulties niet in packing small particles, it is 
advantageous if the support chosen has it flat h versus 
11 curve in the neigh bou rhiood of the rn iii in ii ii. The 
optimum diameter  :i so depends upon the pa r neter 
Generally 9/ oarl J),,,0  change in opposite senses 
AS the fluid changes. ']'flits while D,° decreases by a 
factor of tenably 101  on going from a gas to a l i quid, 
2)1) 0  & crea sos 100 times; for liquids generally (lie 
range of D° is sna I I even for wide  changes in i anti 
D,,, 11 individually. This is illustrated by the Wilke-
Chang equation (4,19) which gives n'  to within 
about 10% for not too viscous or high molecular weight 
liquids. 
pflo = 7.4xlO -10 (M) '! 2T/V 9 9 " 	Eq. 29 
where 71 is in c.g.s. units (poise); fl,o in c111 2 sec'; 
M is the molecular weight of the solvent; T the ab-
solute temperature; and V 4 the molar volume in cmi 
Of the solute. ' is a constant which is 2.6 for water 
as solvent, 1.9 for methanol, 1.5 for ethanol, and 1.0 
for unassociated solvents. The equation predicts a 
"normal" value of SD,, ] 0 of about 10 c.g.s. units. Since 
typical liquids likely to be used in LC have viscosities 
around 10 poise, D,° for the majority of solutes will 
be around 10 - cm 2 sec '. 
We observed above that for comparable analysis 
times the pressure required in LC would have to be 
about a hundred times that required for CC. Since 
l) is some hundred times lower in LO than CC, 
the particle diameters required for mininiurn analysis 
times in LC (Equation 27) will be about a hundred 
times smaller than in CC. This requirement makes 
exacting demands upon the design and construction 
of injectors and detectors for high speed LC. 
Table I compares quantitatively [lie optimum con-
ditions for obtaining a separation number of 10' in 
CC and LC. We have taken the maximum pressure 
drop across the column in CC as 3x10° dyne cm-2 
(._45 psi), and in LC 2x10'  dyne cm -2 (-3,000 psi); 
outlet pressures are 10" dyne cm. fl° for helium 
and nitrogen are taken as 0.5 and 0.1 cm 2 see'. D,,, 0 
for water and heptLnie were calculated by Equation 29 
for a solute of molar volume 100 cnr 2 at 300'IC. The 
minimum reduced plate height is taken as 3. This is 
higher than the best that can be achieved but is a 
reasonable compromise which allows for some degree 
of packing imperfection Experimental values of h,,,, 
vary from about 1 to 6. The reduced velocity at the 
inininiuin is taken as 3, again about the centre of 
the experimental range. 
Under the conditions chosen gas and liquid chro-
matography have roughly the same speeds. However 
the column length required for CC is about a hundred 
times that required for LC. Much more critical is the 
minute particle size required for J.C. While pressures 
of . 3,000 psi can readily be generated in liquids, 
formidable technological problems will have to be 
solved before columns 10 cm in length containing 2 
micron diameter particles can be operated without loss 
Of performance. The magnitude of the Problem is 
emphasised by noting that with the columns required 
for LC, the emergent band width, dr, will be about 
4 mnni in the colun In, If less than 1%  of column ef-
ficiency is to be lost, the injected band must occupy 
no rriorc than 0.4 unit at the head of the column at 
19: Withi', C. R., arld Chimg, P., An. Just. Chem. Engr. 
J., 1. 264 (1955). 
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Table I. Parameters for Minimum Analysis Time in CC and [C 
Gas Chromatography 
Ile 	 N. 
Li (j uid Chic mat ogr; uN: 
ILO 	 Gil,. 
A.SS?12)tC(t J-'ai'cuieters 
P dyne cm -2 3x10" 3x101; 2x10 2x10 
4 4 200 200 
1. 0.36 0.36 1 1 
1 3 2.5 2.5 1 1 
S 10' 10 lot 10 
It (IC) 0.2(4) 0.2(4) 0.2(4) 0.2(1) 
3 3 3 3 
3 3 3 
,j poise 2.OxlO-i 1.8x10' 1.OxlO" 4.0x10 
flo cm 2 sec -1 (1 atm) 0.5 0.1 1.0xi0 - 5.5x10 
Column diameter cm 0.4 0.4 0.2 0.2 
Derived Parameters 
1.0x10 1.SxiO -5 1.0x10 - i.110 
Minimum time, t, sec 340 300 230 90 
Particle diam, d 	cm 0.027 0.0115 1.7x10 - 2.0x10' 
Column Warn/particle diam 15 35 1200 1000 
Column 1 ength cut 1,300 550 8 10 
Emergent band width, 1r, - 
within column, cm 50 20 0.4 0.4 
Max. injection vol. cm 2 0.5 0.2 1.OxlO 1.0xlO- 
Max. detector vol. cmx 2.5 1.0 5x10 5x10 
the moment of injection. if the column diameter is 
2 mm, the injected volume must be not more than 
about I p,l. The detector volume must be correspond-
ingly small. Because of retention the condition here 
is less severe, the maximum detector volume being 
(injection volume) /fl5 )j. 
For comparable performance in CC using a 4 mm 
diameter column these volumes can be 200 to 500 
times larger. A further Point is worth noting in con-
nection with columns for LC. For the column above, 
the column to particle diameter ratio is 1.000, and 
the column length to particle diameter ratio about 
5x10 1 . It is easily shown (6,16) that there is no bans-
column mixing in such a column. Since some wall 
effects are inevitable, it will almost certainly he neces-
sary for maximum performance to sample only a cen-
tral core of the eltient. The take-off to the detector 
should probably sample not more than 50% of the 
total eluent. if this is found to he desirable the vol-
uines of the detector and ancillary connections will 
have to be still further reduced. rrlis  problem does 
not arise in CC since the column to particle diameter 
ratios are generally small and trans-column mixing 
will be very efficient. 
The conditions necessary to obtain the optimum 
performance from an appai -at us which can develop 
3,000 psi in LC are therefore severe, and it would 
be highly advantageous in practice if they could be 
somewhat relaxed. Equation 27 shows that the par-
ticle diameter (and hence column length) is pro-
portional to v'/. Longer columns with larger particles 
can therefore be employed if the reduced velocity at 
which Ii is a in i ni m urn or close to the minimum could  
be raised ten or a hundredfold. With the present state 
of knowledge regarding thefi versus r curves for sorbed 
solutes in LC, it is not possible to decide whether 
supports can he made with flat Ii versus p curves above 
the minimum. Current indications are that two ap-
proaches offer prospects of success. The first is the 
development of supports with a solid core and a thin 
retentive layer such as those described by Eirlcland 
(20) and Lipsky (21). Such supports give the most 
accessible configuration of the stationary phase and 
remove the necessity for slow molecular diffusion of 
solute molecules through stagnant zones of the mobile 
phase. A second approach is through the use of in" niie 
diameter columns as described by Knox and Parcher 
(16). For unsorbed solutes such columns give ranch 
flatter It versus 1 curves than normal circular walled 
columns. There is no evidence at present as to whether 
such improvement in the shape of the h versus 
curves would extend to sorbed solutes. 
Analysis Time Limited by Par/ic/c Size 
\Vl]en the particle size rather than the press nrc 
is limiting, it might be thought that the flow liqua-
tion 23 would be irrelevant. This is so only for an 
incompressible liquid eluent. For a gaseous el neat the 
pressure correct ion factor. L, is strongly dependent 
Kirkland, J., J. Clironiatog. Sci., 7. 7 (1969). 
T-Torvath, C., and Lipskv, S. H., J. Chromatog. Sri., 
7, 109 (1969). 
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upon r, and can be eliminated only by incorporating 
the fl ow equa t ion. 
For a I iqu Id eluent Equations 20 and 21 suffice 
to give 30 for the elution time. 
t = (flS.d) /(W1—R) L.D°) ;L = 1 
Eq.30 
Equation 30 also applies to a gaseous eluent when the 
pressure drop ratio is small that is near unity: it is 
essentially the result derived by Scott (2) and Purnell 
3). Since nearly all theoretical equations for the 
dependence of R upon r for sorbed solutes contain 
one or more terms linear in i', the minimum analysis 
time should be approached asymptotically as v is in-
creased without limit. In practice, Ii versus V curves 
never become linear, and the ratio h/1 continually de-
creases as v increases (11,12). Thus analysis time 
can always be reduced by appropriate increases of F, 
and L which maintain S constant. 
With a gaseous eluent when the pressure drop ratio 
is not near unity the dependence of 1. upon destroys 
the usefulness of Equation 30. To eliminate we recast 





- 24.,1 Do (1+av).1 
Eq. 31 
The complete elimination of ,r between Equations 20 
and 31 is algebraically involved but the ratio given in 
Equation 32 is unity when v is large and 8/9 when 
is unity. 
(4/9) ( rI_i) J. = (rI_i) 3/ (r3-1)2 
Eq. 32 
Thus r is effectively eliminated by combining Equa-
tions 20 and 31 to produce this ratio. The result is 
Equation 33 after elimination of I using 21. 
- 
 
S31 2 lii/- .d , , 1/2 
- 11(1—H) 3 P1/Il Øflop ' ( r2_fl3f 
Eq. 33 
The factor in { } is a constant for any carrier gas in 
the laminar flow regime and is independent of the out-
let pressure since D°.P is constant. The minimum 
analysis time is obtained when ri ~ ! /v is a minimum and 
when H = 0.25. The experimental dependence of l 
upon i' is such that i:'/ nearly always shows a mini-
mutil at a value of v only slightly above that for which 
Ii is itself a minimum. Thus proper allowance for com-
pressibility produces a rather different result to that 
previously obtained (2,3), and shows that the possibili-
ties for improving the performance in CC simply by 
increasing the column length and pressure drop are 
limited. Performance can be substantially improved 
only by decreasing the particle size and increasing 
the pressure drop simultaneously. 
Since Equations 30 and 33 both indicate that anal-
ysis time is reduced by reducing the particle diameter 
when pressure is not a limitation, it is always advis-
able to use the smallest possible particles. As pointed 
out in the introduction to this paper this procedure 
must inevitably bring one up against the pressure 
problem in the final analysis. The particle size limited  
case is thus only of interest where very few particle 
sizes areavailable, and when they are considerably 
larger than indicated as desirable by Equation 27, or 
where extraneous reasons prevent the use of very small 
particles. 
Maxim un?. Possible Separation Num ber When Tin, e 
is Unlimited 
For some applications it might be argued that the 
time of analysis was a secondary consideration and 
that prime attention should be paid to obtaining the 
maximum possible separation number. Taking this 
viewpoint, Equation 18 is no longer relevant, and the 
maximum value of S for a given pressure drop and 
particle size is obtained by eliminating I and v from 
Equations 21, 22 and 23. 
Eliminating I between 21 and 23 gives 34. 
(1—H) I.P.d2.f, 
S = riTj.D,0 (i±rv) 
Eq. 34 
The dependence of b upon v can he written in the gen-
eral form of Equation 35 
) 
Eq. 35 
b allows for axial diffusion and is given by 2.7.f 1 , where 
y is the obstructive factor with a value of about 0.6; 
is a function of p which increases somewhat 
less than linearly with i'. 
It is evident that S is a maximum when h1 is a 
minimum. This occurs when r = 0 and hi' = b. The 
maximum value of S is then given by Equation 36 
uiax = { (1—H) 2.P.d2.f3)/  (b..'j.D°) with 11=0 
Eq. 36 
Rearrangement of this equation gives the critical 
pressure below which a separation number S cannot 
be achieved however much time is available. For a 
liquid eluent, f 1 = 1 and the critical pressure is given 
by Equation 37 
PC (LC) = (S.b4.i?.D,o)/{i_R) 2 .d2) Eq. 37 
For an ideal gas f3  = '/2 (r+1) = (P+21`,,) /(2P,,). In-
sertion of this value into Equation 36 gives a quadratic 
equation in P for which the roots may be written if 
desired. But it is more relevant to derive the high 
pressure-drop approximation obtained by writing f = 
P/2P0 . This leads to Equation 38. 
P (CC) 	
2.S.P0.b..ii.D° j 1/2 
] 	(1R)d 	f 
Eq. 38 
These equations have previously been derived by 
Giddings (4,5). 
Since the results apply only when v is zero, the 
analysis time for the attainment of 51flLX  is infinite. 
This is impracticable, and for Equation 36 to be use-
ful some concession must be made to the time factor. 
Experiment shows that hr is about 1.1 b when v is 
about 0.1. For practical purposes we can replace b 
in Equation 36 by 1.1 b without significant loss of 
separation pot ml al . The maximum possible S is also 
obtained with 11 = 0, but again as Equation 20 shows 
Table II. Maximum Separation Number Achievable 
Gas Chromatogi'itphy 
He 	 N., 
Liquid Cli romatogriipliy 




3x10° 3x10 3x10 
P dyne cm--' 3x10 6 10 101 
en' 102 
10 
1.2 .1.2 1.2 
b 1.2 
0.1 0.1 0.1 
0.1 
It 
D, 1, f 	as in 'Fable I 13 13 
tI,Iae 
13 13 
0.1 0.1 0.1 0.1 
Vprao 
Derived Parameters 
S, 	(11=0) 1.5x10 1 
9x10 4 GxlO° 6x10° 
S,.(=75 % S0) 1.1x10 1 
7x10 4 4.5x10° 4.5x10' 
Ljnac  cm 	
. 1.9x10-, 1x101 Sx10 
8x10 
3 hrs 4 days 2500 years 
25 year  
t, 1, 
the analysis time would be infinite. For practical pur-
poses we might therefore put H = 0.1 . With these two 
concessions the separation number now attainable will 
be about 75% of the maximum possible. 
Table II compares S• i\  (17=0) for equal values 
of P in gas and liquid chromatography with d = 0.01 
cm and the times rcquircrl for the attainment of 75% 
of S,,. When a hundredfold higher pressure and a 
tenfold lower particle size is used in LC the analysis 
time is reduced considerably, but except with helium 
the times required for the achievement of anything 
approaching the maximum possible separation number 
are excessive. Indeed in LC the maximum separating 
power cannot be remotel y  approached in a reasonable 
time even with inlet pressures of 4.500 psi and parti-
cles of only 10 microns in diameter. It therefore seems 
that the maximum possible separating power is not a 
particularly useful concept in liquid chromatographic 
practice. 
Analysis wtiliw a Fixed Time 
Equation 25 is the key to the ultimate performance 
of any chromatograph and has been interpreted abo 
as giving the minimum analysis time for a specific 
pressure limitation. It may be interpreted in several 
other ways. If rearranged to read pressure on the left 
hand side, it gives the pressure required to obtain a 
specified separation number in a stated time - Equa-
tion 39 
miii = ( S 2 .114', (1+ar) )/(R(1—Ft)L.f 3 .t) 
Eq. 39 
Although the full pressure capability of an ap-
paratus may enable an analysis to be performed in a 
very short time, subsidiary considerations may make 
this unnecessary or even undesirable. If. by Equation 
39, only a fraction of the pressure capability of ones 
equipment is required to obtaTh analysis in a reason-
able time at - the minimum value of i, then a range of 
1' and Pi are immediately available which will allow 
analysis within the set time limit. One may then think 
of Equation 25 as setting a maximum value of R  
which can be used if the time is fixed and the ni 
mum pressure capability fully used. The value is g 
by Equation 40 
= (l7(1_R)1.P.f2.f3.t}/(Si..)1(1±0.I.) ) 
Ec. 
The range of S which can be used therefore lies 
tween the minimum value of 1i given by the ye 
' curve and the maximum value given by Equatioi 
When a value of h below the maximum is used 
pressure required to obtain analysis in the spec 
time will be less than the maximum which cai 
developed by the equipment (Equation 39L 
Figures 1 (a) and 2 (a) show cliagramatically 
h may vary with t -  in LC and CC. The parts of 
curves for high reduced velocities when the flo\\ 
comes  turbulent are h'.'pothetical. 'There is very 
evidence for any decline in h in this region, and 
curves suggested are optimistic in suggesting an' 
decline. The figures also show the maximum 
of 11 as a function of for specific values of P. S 
t, as broken lines. The accessible ranges of the h v 
curves are below the broken lines in the fig 
Corresponding to each value of fl for a given t rn 
there is a working pressure and a specific particic 
meter. The required d is obtained b y rearrai 
Equations 30 and 33 to give 41 for LC and 1: 
CC. The dependence of d ;, upon the value chose 
h in LC and CC is shown in Figures 1 (b) and 2 







For LC (Equation 41) d, increases as r 
creases. if therefore it is desirable for technical or 
reasons to work with the largest possible part 
the best particle diameter is that corres 1 unrlir 
the highest allowable h and r, as given by Equatic 
Figure 1 çb) shows that r, Ii or the allowed 
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Figure 1. Liquid chromatography. Range of conditions for 
analysis with S = 30,000 in 1,000 sec. 
Full line gives dependence of 	upon v; the portion for 
v>101 is hypothetical. Broken lines give the maximum al-
lowable R (Equation 40) for P=730,000 psi (upper) and P = 
3,000 psi (lower). 
Particle diameters required to obtain analysis with S = 
30,000 in 1,000 sec (Equation 41). Emphasised section gives 
range of d for P = 3,000 psi; vertical bar gives upper limit 
of d for P = 30,000 psi. 
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Figure 2. Gas Chromatography. Range of conditions for 
analysis with S = 30,030 in 1,000 sec. 
Full line gives dependence of h upon i'; the portion for 
,.>102  is hypothetical. Broken lines gives maximum allowable 
h for P = 60  psi (Equation 40). 
Particle diameters required to obtain analysis with S = 
30,000 in 1,030 sec (Equation 42). Emphasised section gives 
range of d for P = 60 psi. 
creases only slowly in the laminar flow regime but 
much more rapidly in the turbulent flow regime. Thus 
if conditions allow turbulent flow to be used, a con-
siderable gain in particle size becomes possible. How-
ever Figure 1 (a) taken with Equation 40 shows that 
for a reasonably high value of S and a reasonably 
low value of t, the pressure required to operate in the 
turbulent regime would be excessive. It therefore 
seems that turbulent flow chromatography will be use-
ful only when a rather low value of S is required or 
when the analysis time is not critical. It is then 
probable that more satisfactory operating conditions 
could be achieved with a relatively inefficient column 
operating in the laminar flow region. The future for 
turbulent flow chromatography does not appear to 
he promising. 
For CC. Equation 42 shows that the particle size 
depends upon the parameter (r/h (1 +av) } j/ As far 
as is known this parameter always shows a maximum 
at a value of h only slightly greater than that at 
which h is a minimum, if particle size is indeed criti-
cal, and this is not usually the case in CC, the only 
way to accommodatejarger particles is to allow for a 
longer analysis time. Conversely the only direction 
in which progress towards higher and faster resolution 
can be made in CC is to increase the pressure capa-
bility of CC equipment so that smaller particles can 
be used. 
With LC there is more freedom of choice of di- 
rection in which useful progress can be made. Operat-
ing conditions for LC, for reasons discussed above, 
are inevitably more extreme than those for CC, and 
progress ultimately depends upon the use of higher 
pressures and smaller particles as in CC. However im-
provenient in either direction alone will effect useful 
improvements, for current LC columns do not gener-
ally operate at near optimum conditions. While the 
ideal column configuration may be one 10 cm in 
length packed with micron diameter particles and 
operating with a pressure drop of 3,000 psi, a compro-
mise will necessarily persist for some time to come, 
in which the high pressure drop which is quite readily 
produced is used to compensate for the difficulty of 
packing small particles. Further improvements in pres-
sure capability can enable one to use larger particles 
without sacrificing analysis time, and indeed there 
may be some gain of analysis time if the larger particles 
pack better than the smafler ones. Since such columns 
with larger than optimum sized particles operate at 
values of v vell above those for which Ii is a minimum, 
it is important for the short term to devise support 
materials which give flat h versus i' curves above the 
minimum and to explore the possibilities of infinite 
diameter columns. It is however important that this 
type of development should not be carried out in 
the absence of parallel work on n nero-injection and de-
tectiori systems. It is only by making progress in this 
direction that the full potentia of LC can be realized. Fg 
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A Comparison of Nate Efficiencies in Gas and Liquid 
Chromatography Using Various Supports 
by John H. Knox and M. Saleem, Department of Chemistry, University of Edinburgh, Scotland. 
Abstract 
Gas and liquid chromatography on identical columns are 
compared by plotting log Ii against log p, whore h = H/d r 
and = u 0 dJD, are the reduced plate height and reduced 
mobile phase velocity. Comparison is carried out for unsorbed 
solutes on glass beads, controlled surface porosity (CM') 
heads, Porasil, and Chromosorh C; and for sorbed solutes on 
CSP beads and Chromosorh C. 
The correlation between CC and LC is good in all eases; 
the most extreme ratio of h from CC and h from LC is 0.6 
(theoretical ratio unity). 
A clear deterioration in performance in both LC and GC 
is observed when K, the column capacity ratio, is increased 
or the particle size reduced. The dependence of Ii upon K 
is least at low values of . The deterioration in performance 
as d is reduced highlights the difficulty of packing small 
particles uniformly. Performance is improved by packing 
columns under vacuum. 
CSP particles give a less steep dependence of h upon 
than Chromosorb for both sorbed and unsorbed solutes and 
are likely to prove superior to porous supports of the same 
particle size when used at the high reduced velocities cur-
rently favoured in I.C. 
According to chromatographic theory, the effi-
ciencies of gas and liquid chromatography (GC and 
LC) may be directly compared if the plate heights 
and linear mobile phase velocities are measured in 
terms of reduced quantities (1,2). 
Reduced Plate Height, h = A . d 	Eq. 1 
Reduced Fluid Velocity, r = ud/D°,. 	Eq. 2 
where Li = experimental plate height obtained from 
the concentration-time record of an eluted peak, d 2 = 
particle diameter, u 0 = linear velocity of mobile fluid 
at column outlet, and D°, = diffusion coefficient of 
solute in mobile fluid at column outlet. The experi-
mental plate height, LI, is given by Equation 3. 
14rn ±f2 'C,' u0 	Eq.3 
where f 1  and f are pressure correction factors, which 
are unity for liquids but depend upon the pressure 
drop ratio for gases (3,4). 1, - H 1 , is the contribution 
to the total experimental plate height from processes 
occurring in the mobile phase. Ii, known as the local 
plate height for the mobile phase, is of the general 
form of Equation 4 and is the same at all points in the 
column if the eluent is an incompressible liquid or an 
ideal gas. 
H,,, = (2yD°01 /u0 ) + d ' f(,', K, p ...) Eq. 4 
The first term in Equation 4 represents the contribu-
tion from axial diffusion: y, the obstructive factor for 
molecular diffusion, has a value between 0.6 and 0.9 
(5). f(v, K, p - . .) is  function of the reduced velocity, 
column capacity ratio, K., and coltmin to particle di-
ameter ratio, p. It increases less than linearly with 
in all cases where it has been determined and arises 
from the balance between the dispersive effects of the 
ompIex flow pattern in a packed column and the com-
pensating effects of transverse molecular diffusion and 
'stream splitting (1). 
The second term in Equation 3 arises from proc-
esses occurring in the stationary phase. All theories 
of chromatography accept the simple velocity de-
pendence given. C,, the stationary phase mass transfer 
coefficient, can be written in the general form of Equa-
tion 5 (1,6) 
C. =q (K/(1 + K)2)'dT/D, 	Er. 5 
where q is a configurational factor of the order of 
unity, df ' is the mean square film thickness, and I), 
is the diffusion coefficient of the solute in the station-
ary phase (assumed here to be a liquid). The equation 
for the reduced plate height can then be written in 
the form of Equation 8. 
1i 	{2y/v+f(v,K,p ... )}f + 
I 	K 	ff 
tq (i+K)2 bf2v 
=hn,'fi +cs 'f2•v . . 	 Eq.6 
Generally the mean square film thickness is several 
orders of magnitude less than d2.  In LC where D°, 
is ten to a hundred times D,, the stationary phase 
contribution to h is usually negligible and can be 
ignored; but in CC flo  may well he ion or 10 1, times 
as large as D,, and the two contributions to h can be 
comparable. In practice one aims to make the station-
ary phase contribution small. This is achieved in CC 
by using supports of high surface area bearing low 
Giddings, J. C., "Dynamic of Chromatography, Part 
1,' Marcel Dekker, New York, 1965. 
Giddings, J. C.. Anal. Chem. 35. 1338 (1963). 
Giddings, J. C., Nature WI. 1291 (1961). 
Littlewood. A. 13.. "Gas Chromatography,' Academic 
Press, New York, 1962. 
Knox, J. 11., and McLaren, L., Anal. Chem. 36, 1477 
(1964). 
Giddings, J. C., Anal. Chem. 34. 1187 (1962): 35. 439 
(1963). 
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loadngs of stationary nliase. Thus in high perform-
nee, CC, Ii is close to h, f,. Under such conditions 
it should then be possible to obtain nearly identical 
plots of h/f, against r for CC and LC when identical 
columns.; are used in the two forms of chromatography. 
Since it is desirable to compare results over many 
orders of magnitude of i - it is convenient to plot log 
h/f, against log v (7). In what follows we denote 11/f 1 
by h. 
Comparison of CC and LC has been made on this 
basis by Home, Knox and McLaren (8) for unsorbed 
solutes on glass beads. The work has now been ex-
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Figure 1. CC apparatus. A — outline; B - lower column 
connection. 
Experimental 
The apparatus for LC has been described in detail 
by Knox and Parcher (9). It was an improved version 
of that used by Home, Knox and McLaren (8). 
Briefly water was used as mobile phase and was driven 
through straight glass columns about 150 cm long by 
means of a constant gas pressure in the water reser-
voir. Eluted bands were detected by a membrane de-
tector of negligible dead volume and a time constant 
of about 5 sec. 
The apparatus for CC is outlined in Figure 1. It 
consisted of an arrangement for stabilizing the column 
inlet pressure at any value up to 120 psi. Inlet pres-
sures up to 30 psi were measured by a mercury 
manometer and above 30 psi by a Bourdon pressure 
gauge accurate to 2%.  15 jñ samples of hydrocarbons 
in nitrogen were injected into the column packing by 
means of a Beckman GC4 injection unit. The gas flow 
to the column divided just before the injection unit so 
that 10% of the flow passed through the injector, the 
remainder passing directly to the column. In this way 
the column head was continually flushed and dead 
volume effects were avoided. 
Columns were of glass and thermostatted by a 
water jacket. Each column was closed at the lower 
end by fine wire gauze sealed to the ground end by 
'Araldite' epoxy resin. The column outlet fitted into 
a standard unit as shown in Figure 1, and each col-
urnn complete with brass ferrule (shaded in Figure 
1B) could he transferred to the LC apparatus without 
disturbing the packing. 
Detection was by a Beckman 0C4 flame ionization 
detector whose output was passed to a Beckman CC4 
electrometer with a time constant of less than 10 msec. 
The output from the electrometer passed via an am-
plifier to a Honeywell 2106 Visicorder (an ultra-violet 
galvanometer recorder) which had a maximum chart 
speed of 200 cm sec'. The moment of injection was 
recorded by a signal to a second galvanometer from a 
microswitcli attached to the injector. 
Experiments with columns of different lengths 
showed that the equipment introduced insignificant 
extra-column dispersion, and that the electronic system 
Was sufficiently fast to record accurately peaks above 
30 msec in total width. A good check on the proper 
operation of the equipment was the symmetry of peaks 
of unsorbed solutes such as methane and ethane. The 
asymmetry was measured by drawing tangents at the 
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inflection points and taking the ratio of the two parts 
of the baseline intersected by a perpendicular from 
the intersection of the tangents. This ratio, was al-
ways less than 1.05. Some asymmetry was noted with 
retained peaks, but this was apparently due to non-
ideality of the processes occurring within the column 
since narrower unretained peaks on the same column 
were symmetrical. This asymmetry was particularly 
noticeable when K was near unity and when straight 
chain alkanes were used. Cyclic hydrocarbons such as 
cyclohexane and cyclopentane gave more symmetrical 
peaks, than the corresponding straight chain alkalies. 
The reason for this is not clear. Where peaks had 
asymmetry factors between 1.10 and 1.50, the plate 
height was determined from the leading part of the 
peak. Plate heights were calculated from the peak 
widths (or half widths) at maximum height/2, maxi-
mum height /2.718, and from the baseline width (ex-
trapolation of tangents). The three measures of FT dif-
fered by less than 2% confirming that the peaks were 
close to Gaussian. 
The following supports were used: 
Glass Beads (English Glass Co.) with imsorbed 
solutes only. Peaks with sorbed solutes were highly un-
symmetrical. Bead diameters were from 113 to 480 
micron. 
Chromosorb G (Johns-Manville) with sorbed 
and unsorbed solutes. Particle diameter 235 micron. 
Controlled surface porosity beads, CSP beads, 
(du Pont Co.) with sorbed and unsorhed solutes. 
Particle diameter 113 micron. 
Porasil (Waters Associates Ltd.) With misorbed 
solutes. Particle diameter 163 micron. 
Particle, diameters for glass beads 480 microns in 
diameter were determined by aligning beads in a 
groove and counting the number in a given length. 
The other sizes are the mean of the openings of the 
sieves which just held and just passed the particles. 
Knox. J. li.. and MeLaren. L., Anal. Chem. 35, 449 
1963): 38, 253 (1966) 
Home, D. S., Knox, J. 1-1., and MeLanin, T4., Sepn. 
Sri. 1.531 (1966). 
Knox, J. 11., and l'archer, J. F., Anal. Chem. 41, 1599 
(1969). 
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Figure 2. Comparison of CC and LC of unsorbed solutes on 
Chromosorb G (d = 0.0235 cm, d = 0.576 cm) and on On 
Pont CSP beads (d = 0.0113 cm, d = 0.375 cm) 
Left hand curves, CC, carrier nitrogen. 
C = n-butane 
(D = methane 
Right hand curves, LC, carrier water, LC. 
C =acetone 
d) = methylene chloride 
G) = tetrahydrofuran.  
Figure 3. Comparisons of Log h versus Log v curves for 
sorbed solutes on various supports. Carrier gas nitrogen 
GB = untreated glass beads 
CSP = du Pont CSP beads 
P =Waters Associates Porasil 
CHR=Chromosorh C 
Designations on lines: Support /Particle diameter (micron 




Figure 2 shows data obtained with 235 micron 
Ohromosorb particles, and 113 micron CSP beads us-
ing unsorbed solutes in GC and LO. The small scatter 
of the points indicates the high quality of the data. 
To avoid confusion points are not included in some 
of the later figures. The reproducibility in the measure-
ment of Ii on a given column was ±5%, and the repro-
ducibility of measurements on supposedly identical 
columns packed with material from a given batch was 
±10%. As far as possible curves for GC and LO on 
a given support were obtained with the same column 
which was transferred from GO to the LO apparatus 
without disturbing the packing. According to theory, 
such curves for GO and LC should link up perfectly 
if turbulence is absent. Turbulence occurs at roughly 
one thousandfold lower reduced velocities in GO than 
in LO (8) and might become important in GO at 
reduced velocities between 10 and 100. It would en-
hance radial mixing and reduce the spread of fluid 
velocities. Both effects would tend to reduce h. Curves 
for GO might then be expected to he somewhat below 
those for LO and to be somewhat less steep. This is 
what is observed with Ohromosorb as shown in Figure 
1. Unfortunately the data for OSP bead, and as seen 
later for glass beads (Figures 7 and 9), show the op-
posite trend. The curves for LO and GO appear to be 
roughly parallel, but those for LC may be as much as 
0.2 log units below those for GO that is In for LO 
may be only 60% of h. for GO at the same value 
of v. The difference appears to be least for large par-
ticles but is always present. 
The explanation of this phenomenon is not clear. 
It is not associated with the order in which GO and 
LO experiments are done. It could lie with the equip-
ment which must be operated near its limits to obtain 
data at high reduced velocities in CC, but we think 
this unlikely in view of the excellent symmetry of 
peaks even at the highest reduced velocities reported 
Figure 4. Dependence of h versus curves on particle size 
for sorbed solutes in LC. Support chromosorb; K = 0.6; dia- 
meters given on lines. Upper curves from refs 10, 11. Lower 
curve this work. 
here. Further experimental work is desirable. 
Figure 3 compares data for unsorbed solutes on 
different supports in CC. Higher values of h at a 
given v are obtained with smaller particles. The effect 
is not due to changes in the column to particle di•ain-
eter ratio, p, since Knox and Parcher (9) have shown 
that, if large particles are used; identical h versus 
curves are obtained for all values of p exceeding about 
10. The effect must be due largely to the poorer pack-
ing of small particles. Figure 3 suggests that CSP 
beads, which have a rough surface, pack better than 
smooth glass spheres of the same size and that Porasil 
is very similar to Ohromosorb when compared with 
glass beads of the same size. 
Figure 4, showing data for sorbed solutes, confirms 
the deterioration in performance which occurs when 
small particles are used. The upper curves are re-
plotted from the data of Huber and Hulsinan (JO) who 
10. Huber, J. F. K., and Hu]sman, J. A. R. J., Anal. Chim. 
Acta, 38, 305 (1967). liulsnian. J. A. H. J., Ph.D. 
-thesis, University of Amsterdam. 1969. 
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Figure 5. Effect of retention of Log In versus Log v curves in 
CC and LC. Support, Chromosorb G. Carriers, nitrogen and 
water. Stationary phase, squalane. 
Designation Solute % Squalane K 
IC ethylene 0.0 0.0 
20 methane 0.285 0.0 
30 cyclohexane 0.0 0.4 
40 cyclohexane 0.285 1.61 
50 cyclohexane 2.0 12.2 
60 isopentane 2.0 1.46 
70 n-butane 6.0 1.38 
1L acetone 2.0 0.0 
2L acetone 6.0 0.0 
• 31- acetone 12.0 0.0 
4L acetone 20.0 0.0 
5L acetophenone 2.0 0.13 
6L acetophenone 6.0 0.59 
7L acetophenone 12.0 1.08 
8L acetophenone 20.0 1.58 
used 30 and 70 micron diameter Chromosorb bearing 
10% 1,2,3-tris-cyanoethoxypropane as stationary phase. 
The mobile phase was 1,1,4-trimethylpentane and the 
solute nitrobenzene. In our work the three components 
were respectively squalane, water, and methylene 
chloride or acetophenone. In Huber and I-Iulsman's 
work the particle size range was 40%: Recent work by 
Huber (11) using more closely graded particles shows 
some improvement in performance. The gradients of 
the three log h versus log v curves are close to 0.6. 
Figure 5 compares the h versus v curves for dif-
ferent values of K on 235 micron Chromosorb in GC 
and LC. Comparison of curves 1G and 2G shows a 
slight loss of performance for an unsorbed solute when 
Chrornosotb is coated with 0.28% squalane, but the 
change is almost within the limit of column reproduci-
bility and is probably not significant. With increasing 
retention the curves become higher going from 2G to 
6G. There is little difference between SG and 6G, in 
spite of the large change in K, except that the former 
is slightly steeper. Curve 7G for n-butane is well above 
the others. This is due to the contribution from the 
Si ationary phase in the 6% loaded column. For the 
other columns bearing low percentages of stationary 
phase c, r fL, is believed to be negligible. 
Comparison of curves IL to lL shows the slight 
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Figure 6. Dependence of Log Ii upon K at various reduced 
velocities in GO and LC: reduced velocity given on each line. 
Q=LC 	 3=GC 
Experimental conditions are those given for curves 
in Figure 3. 
solute, as the percentage loading increases. This is 
probably due to deterioration in packing. Curves SL 
to SL show the much greater deterioration introduced 
by retention of the solute. The value of h for a given 
v rises rapidly with K at low values of K but less 
rapidly when K exceeds unity. This dependence is 
illustrated for different values of v in Figure 6. There 
is a roughly linear relationship between log h and 
K/ (I + K). This is in qualitative agreement with 
theoretical predictions (1,6) that h should increase 
approximately linearly with K/ (I -- K). 
Figure 7 compares the h versus v curves for sorbed 
solutes on different supports and, taken with Figure 4, 
emphasizes the wide spread of h which can be ob-
tained even in carefully controlled experiments. Al-
most certainly the higher curves in Figures 4 and 7 
are well above the best that can ultimately be ob-
tained, and there is loom for much improvement. 
Curves 2G and 2L of Figure 7 for 113 micron CSP 
beads are consistently below 3G and 3L for 113 micron 
glass beads. The roughness of CSP beads seems to he 
the only feature which can contribute to their superior 
performance with an unsorbed solute. 
Even lightly loaded CSP beads (curve 4G) give a 
poorer performance than uncoated beads (curve 2G) 
with an unsorbed solute. This significant deterioration 
probably indicates that even lightly loaded CSP beads 
are slightly sticky and pack less well than uncoated 
beads. The effect of retention by CSP beads is shown 
by comparison of 4G and 7G. h rises about 2.5 times 
When K changes from zero to 7. r1l1is  is comparable 
to the threefold change with Chromosorb. 
Curve 4L is replotted from the data of Kirkland 
11. Huber, J. F. K., J. Chromatog. Sri. 7, 85 (1059). 
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Figure 7. 	Comparison of Log h versus Log v curves for un- 
retained and retained solutes on various supports in GO and 
LO. Carriers, nitrogen and water. Stationary phae, squalane. 
Desig- % dp 
nation 	Support 	Solute 	Squalane k micron d/d 0 
1G CUR ethylene 2.0 0.0 235 24.3 
2G 	CSP 	methane 0.0 0.0 113 33.3 
3G GB methane 0.0 0.0 113 33.7 
4G 	051' 	methane 0.2 0.0 113 .33.3 
5G CHR cyclohexane 2.0 12.3 235 24.3 
GG 	OUR 	isopentane 2.0 1.46 235 24.3 
7G CSP cyclohexane 0.2 7.1 113 33.3 
1L 	GB 	acetone 0.0 0.0 480 19.0 
2L CSP acetone 0.0 0.0 113 33.3 
3L 	GB 	acetone. 0.0 0.0 113 33.7 
4Lt CSP benzyi alcohol 1.0 0.90 40 80 
*Data  for 41 from Kirkland (12); Stationary phase, 
13,/3'.oxydipropionitrile 
(12), who used 40 micron CSP particles as compared 
to our 1.13 micron particles. The curve indicates values 
of h about nine times higher than we obtained for an 
unsorbed solute. Since K was about 0.9, this increase 
is much greater than the factor of three which might 
have been expected from the change in K alone. In 
view of the effects illustrated in Figure 4 the discrep-
ancy almost certainly results from the poorer packing 
of the small wetted particles. Huber and Hulsman's 
curve (10) for 70 micron Chroniosorb particles with 
K = 0.58 crosses the curve for the 40 micron CSP 
beads. Thus within the range of velocities used the 
two supports perform about as well. However an im-
portant and advantageous feature of the CSP support 
is the much flatter h versus v curve. The mean gradient 
of the log-log plot for CSP beads is 0.3 compared to 
0.0 for Chromosorb. 
Discussion 
Theoretical considerations set out elsewhere (13) 
show that the parameter which most effectively meas-
ures the intrinsic performance of a chromatographic 
column is the reduced plate height h. In practice there 
are three important factors which contribute to loss 
of performance, that is to increase in h: 
.1) Increase in reduced velocity. 
We have shown (13) that the maximum speed or 
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resolution for a given pressure capability is achieved 
if column operating conditions (that is particle siz(., 
column length, jiiobiie phase velocity) are chosen so 
that the reduced plate height is a minimum. rjlllis ira-
plies working at a particular i-educed velocity, denoted 
liv i, and called the oplimirni reduced fluid velocity. 
Gas clironiatogra pbs generally ope:al e qu i I.e close to 
optimrzrn conditions, but for technological reasons, it 
is current practice in liquid chromatography to work 
with reduced velocities much higher than the optimum. 
Themain reason for this is that optimum conditions 
for fast analysis are geometrically extreme: typically 
a column giving about 10,000 theoretical plates and 
employing a pressure drop of 3,000 psi would require 
2 micron diameter particles and be about 12 cm in 
length. Serious problems arise in the packing of such 
columns (see 3 below), quite apart from the difficulty 
of connecting them to the detector and injector. It is 
therefore necessary to "back-off" somewhat from op-
tinium conditions and use larger particles. The high 
pressure capability is then used (13) to enable one to 
work at high reduced velocities using columns long 
enough to compensate for the inevitable deterioration 
in the reduced plate height caused by working at high 
values of p. It is therefore important for the develop-
ment of LC to develop supports which give flat h 
versus v curves above the minimum, for then less per-
formance is sacrificed if high reduced velocities are 
used. The supports developed by Kirkland (12) and 
Horwath and Lipsky (14) in which the stationary 
phase is restricted to a thin layer on the surface of a 
non-porous bead have considerable advantages in this 
respect. This is clearly seen from the comparisons of 
Chromosorb and CSP made in Figures 4 and 7 of 
this paper. The flatness of the h versus v curves for 
such supports was predicted (7) and arises since the 
slow diffusion of solute molecules through stagnant 
regions of "mobile phase" is eliminated. Such slow 
diffusion is unavoidable in porous supports such as 
Chromosorb and I'orasil, and inevitably contributes a 
term linear in v to the reduced plate height (1,6). 
This term, when combined with others which increase 
less than linearly with r, gives rise to the observed 
gradient of about 0.6 for the log h versus log v plot 
of Chromosorb. 
The dependence of h upon K. 
From the limited data available Ii appears to rise 
five to ten-fold at a given v as K increases from zero 
to infinity. In spite of the sacrifice which has to be 
made in regard to h the value of K for optimum speed 
is between 3 and 4 (13). However, since the rise in h 
with K is least at velocities around the optimum, there 
is an additional reason for working as near to this 
condition as possible. 
The poorer packing of small particles. 
There are two separate aspects to be considered. 
Particles bearing a liquid stationary phase pack less 
well than dry particles; and small particles pack less 
Kirk-land, J., J. Chroniatog. Sci. 7, 7 (1969). 
Knox, J. H., and Saleern, M., J. Chromatog, Sd. 7, 
614 (1969). 
l& 1-Jorvath, C., and Lipsky, S. Ft., J. Clrrorratog. Sri. 7, 
109 (1969). 
DECEMBER 1969 . 7451 
well than large particles when conventional methods 
are used. 
The first effect should be relatively easy to over-
come as the problem is a static one: it is necessary 
only to devise a method of packing the column with 
pa rt icles in a (by condition. Two approaches suggest 
themselves. The support material may be packed in 
the uncoated (dry) state and later coated in situ with 
stationary phase: although possible in principle, an 
even coating would be difficult to achieve by any flow 
method because of drainage problems, while coating 
by evaporation of a dilute solution of the stationary 
phase would he extremely slow if violent evaporation 
were to be avoided. An alternative, promising more 
hope of success, is to freeze the coated support and 
so solidify the stationary phase. The packing is now 
effectively dry and can be packed into a refrigerated 
column using whatever method is most satisfactory. 
The second effect is more difficult to overcome as 
it arises from the dynamics of the formation of the 
random bed of packed particles. Columns are normally 
packed by pouring the packing slowly into the vertical 
column which is tapped endwise and sometimes side-
ways. Some workers ram the packing into the column 
with a closely fitting rod (10). As the column is 
packed two features can develop which contribute to 
"bad packing." Firstly particle fractionation may oc-
cur across the column; secondly particle sized voids 
and other packing irregularities may develop. Particle 
fractionation is likely to be accentuated by sideways 
tapping but may also arise naturally. When particles 
fall in a long column they tend to set up currents so 
that the particles fall preferentially in a downward 
stream on one side of the column while an upward 
stream develops on the other side. A simple experi-
ment, glass beads falling in water, demonstrates this 
clearly. Such currents tend to maintain the smaller 
beads in suspension and to deposit them preferentially 
at one side of the column. The fractionation is removed 
by using very closely graded support particles (10,11) 
or by eliminating the currents (15). 
Particle sized voids and other irregularities are 
much more difficult to eliminate than fractionation and 
arise however uniform the particles. Indeed the forma-
tion of long range packing defects is particularly likely 
when completely uniform spheres are packed in a 
round tube (ball bearings for instance). For the for-
mation of voids, the moment when the falling particle 
hits the accumulating bed is likely to be critical, for 
it is then that the particle must make a suitably shaped 
hole for itself by moving aside near neighbors which 
it will tend to compact. If it lands too gently it may 
be unable to make such a hole and so can easily cover 
over a particle sized void which it just fails to enter. 
Once a void is formed in this way it will very quickly 
become "fossilized" by subsequent layers. Subsequent 
efforts at compacting the bed by tapping or pounding 
are likely to have only marginal effect in improving 
the regularity of packing. 
The violence of the initial impact depends upon 
he striking velocity aaid the mass of the failing par-
ticle. However, since the particles to be moved in 
making the seating for the new particle are of ap-
proximately the same mass, the velocity of impact is 
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Figure 8. Velocity/distance relationships for spheres (den- 
sity 2.8) failing in air. Diameters of spheres given on lines. 
of the packing. The velocity/ distance relationship for 
a particle falling in a viscous medium is governed by 
Newton's and Stokes' laws and is shown in Figure 8 
for spheres of different sizes falling in air. For dis-
tances up to 40 cm (a reasonable distance of fall in 
packing columns for chromatography), particles larger 
than 200 microns in diameter reach the bed with ve-
locities only slightly below those which would be at-
tained in vacuo. Particles between 50 and 100 microns 
reach their terminal velocities well before hitting the 
bed and land with impacts which will be considerably 
weaker than expected in vacuo. It is significant that 
it is about the 100 micron level at which deterioration 
in chromatographic performance is first noticed. When 
the particles are smaller than 20 microns in diameter 
they settle on the bed rather like snowflakes almost 
without impact. They therefore form a very porous bed 
which even when compacted is likely to contain quite 
large voids when measured in terms of the particle 
diameter. The first step in improving the packing of 
small particles is therefore to carry out the standard 
packing procedure in vacuo for under these conditions 
all particles will fail at the same speed. Vacuum pack-
ing will also eliminate air currents and so reduce 
fractionation. 
The results of a preliminary experiment are shown 
in Figure 9. The reduced plate height obtained at high 
reduced velocities in LC with 113 micron diameter 
glass beads packed in air is three times higher than 
for 480 micron beads with an unsorbed solute. When 
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Figure 9. Effect of vacuum packing. 
ED 1131 spheres packed in air o 113. spheres packed under vacuum 
- 480 spheres packed in air 
out in viicuo. This imirovcuient is also found in cx-
per nents in CC, but because of the lower reduced 
velocities which can be achieved, the effect is less ob-
vious. A more critical test of the hypothesis that the 
impact velocity is the critical parameter Will require 
20 or 41) micron diameter parlic]es for which tlii lIen 
Of viscous drag is more serious. 
The evident superiority of CSP beads even with 
unsorbed solutes can result only from better packing 
which in its turn can be due only to the surface rough-
ness of the CSI' beads. It is possible that the greater 
friction on impact causes more effective seating and 
less tendency for the newly landed particle to bounce 
off the bed. 
Acknowledgment 
the same beads contained in an evacuated ampoule are 
packed into an evacuated column (pressure in the am-
poule and column 3 x 10 mm Hg), h is reduced by a 
factor of 1.6, and the plate height velocity curve coin-
cides with that for CSP beads of the same diameter 
packed in air. A noticeable improvement is thus ob-
tained when the complete filling procedure is carried 
This work has been supported by a Dawood Foun-
dation Scholarship to one of us (MS) and by a grant 
for equipment given by N.A.T.O. We are also indebted 
to the Du Pont Company and to Waters Associates for 
gifts of CSP beads and Porasil beads. n 
Manuscript received July 25, 1969 
